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Preface 


The  purpose  of  this  book  is  to  introduce  hands-on  model  building  and  solving  with 
COMSOL®  Multiphysics®  software  to  scientists,  engineers,  and  others  interested  in 
exploring  the  behavior  of  different  physical  device  structures  on  a  computer,  before 
actually  going  to  the  workshop  or  laboratory  and  trying  to  build  whatever  it  is. 

The  models  presented  in  this  text  are  built  within  the  context  of  the  physical  world 
(applied  physics)  and  are  explored  in  light  of  first  principles  analysis  techniques.  As 
with  any  other  method  of  problem  solution,  the  information  contained  in  the  solutions 
from  these  computer  simulations  is  as  good  as  the  materials  coefficients  and  the  fun- 
damental assumptions  employed  in  building  the  models. 

The  primary  advantage  in  combining  computer  simulation  and  first  principles 
analysis  is  that  the  modeler  can  try  as  many  different  approaches  to  the  solution  of  the 
same  problem  as  needed  to  get  it  right  (or  at  least  close  to  right)  in  the  workshop  or 
laboratory  the  first  time  that  device  components  are  fabricated. 


■  Acknowledgments 

I  would  like  to  thank  David  Pallai  of  Jones  and  Bartlett  Publishers  for  his  ongoing 
encouragement  in  the  completion  of  this  book.  I  would  also  like  to  thank  the  many 
staff  members  of  COMSOL,  Inc.,  for  their  help  and  encouragement  in  completing 
this  effort. 

I  would  especially  like  to  thank  my  wife,  Beverly  E.  Pry  or,  for  the  many  hours 
that  she  spent  reading  the  manuscript  and  verifying  the  building  instructions  for  each 
of  the  models.  Any  errors  that  remain  are  mine  and  mine  alone. 

Roger  W.  Pry  or,  Ph.D. 


Introduction 


COMSOL®  Multiphysics®  software  is  a  powerful  finite  element  (FEM),  partial  dif- 
ferential equation  (PDE)  solution  engine.  The  basic  COMSOL  Multiphysics  soft- 
ware has  eight  add-on  modules  that  expand  the  capabilities  of  the  basic  software 
into  the  following  application  areas:  AC/DC,  Acoustics,  Chemical  Engineering, 
Earth  Science,  Heat  Transfer,  MEMS,  RF,  and  Structural  Mechanics .  The  COMSOL 
Multiphysics  software  also  has  other  supporting  software,  such  as  the  CAD  Import 
Module  and  the  Material  Library. 

In  this  book,  scientists,  engineers,  and  others  interested  in  exploring  the  behavior 
of  different  physical  device  structures  through  computer  modeling  are  introduced  to 
the  techniques  of  hands-on  building  and  solving  models  through  the  direct  application 
of  the  COMSOL  Multiphysics  software,  the  AC/DC  Module,  the  Heat  Transfer 
Module,  and  the  RF  Module.  Chapter  9  explores  the  use  of  perfectly  matched  layers 
(PML)  in  the  RF  Module.  The  final  technical  chapter  (Chapter  10)  explores  the  use  of 
the  bioheat  equation  in  the  Heat  Transfer  Module. 

The  models  presented  here  are  built  within  the  context  of  the  physical  world  (applied 
physics)  and  are  presented  in  light  of  first  principles  analysis  techniques.  As  with  any 
other  methodology  of  problem  solution,  the  information  derived  from  the  modeling 
solutions  through  use  of  these  computer  simulations  is  only  as  good  as  the  materials 
coefficients  and  the  fundamental  assumptions  employed  in  building  the  models. 

The  primary  advantage  derived  from  combining  computer  simulation  and  first  prin- 
ciples analysis  is  that  the  modeler  can  try  as  many  different  approaches  to  the  solution 
of  the  same  problem  as  needed  to  get  it  right  (or  at  least  close  to  right)  in  the  workshop 
or  laboratory  before  the  first  device  components  are  fabricated  and  tested.  The  modeler 
can  also  use  the  physical  device  test  results  to  modify  the  model  parameters  and  arrive 
at  a  final  solution  more  rapidly  than  by  simply  using  the  cut-and-try  methodology. 


■  Chapter  Topics 

This  book  comprises  ten  technical  chapters.  Its  primary  focus  is  to  demonstrate  to  the 
reader  the  hands-on  technique  of  model  building  and  solving.  The  COMSOL  Concepts 
and  Techniques  are  shown  in  Figure  1 .  The  COMSOL  modules  employed  in  the  various 
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models  in  specific  chapters  are  shown  in  Figure  2,  and  the  physics  concepts  and  tech- 
niques employed  in  the  various  models  in  specific  chapters  are  shown  in  Figure  3 . 

These  grids  link  the  overall  presentation  of  this  book  to  the  underlying  modeling, 
mathematical,  and  physical  concepts.  In  this  book,  in  contrast  to  some  other  books 
with  which  the  reader  may  be  familiar,  key  ancillary  information,  in  most  cases,  is 
contained  in  the  notes. 


note^  Please  be  sure  to  read,  carefully  consider,  and  apply,  as  needed,  each  note. 


■  Chapter  1.  Modeling  Methodology 

Chapter  1  begins  the  introduction  to  the  modeling  process  by  discussing  the  fundamental 
considerations  involved:  the  hardware  (computer  platform),  the  coordinate  systems 
(physics),  the  implicit  assumptions  (lower  dimensionality  considerations),  and  first  prin- 
ciples analysis  (physics).  Three  relatively  simple  ID  models  are  presented,  built,  and 
solved  for  comparison:  one-pane,  two-pane,  and  three-pane  thermal  insulation  window 
structures.  Comments  are  also  included  on  common  sources  of  modeling  errors. 


■  Chapter  2.  Materials  and  Databases 

Chapter  2  briefly  introduces  three  sources  of  materials  properties  data:  the  COMSOL 
Material  Library,  MatWeb,  and  the  PKS-MPD. 

The  COMSOL  Material  Library  is  a  module  that  can  be  added  to  the  basic  COM- 
SOL Multiphysics  software  package  to  expand  the  basic  library  that  is  already  includ- 
ed. It  contains  data  on  approximately  2500  materials,  including  elements,  minerals, 
soil,  metal  alloys,  oxides,  steels,  thermal  insulators,  semiconductors,  and  optical  mate- 
rials. Each  material  can  have  up  to  27  defined  properties.  Each  of  those  defined  prop- 
erties is  available  as  a  function  of  temperature. 

MatWeb  is  an  online  searchable  subscription  materials  properties  data  source. 
MatWeb  has  three  classes  of  access:  Unregistered  (free  limited  feature  access), 
Registered  Member  (free  expanded  feature  access) ,  and  Premium  Member  (fee -based 
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access  to  all  features,  plus  selected  data  storage  and  modeling  software  formatted  data 
export).  MatWeb  has  69,000  data  sheets  for  materials,  including  plastics,  metals, 
ceramics,  semiconductors,  fibers,  and  various  other  commercially  available  materials. 

PKS-MPD  (Pry or  Knowledge  Systems— Materials  Properties  Database)  is  a  new 
searchable  materials  properties  database  with  data  on  more  than  4000  materials, 
including  elements,  minerals,  soil,  metal  alloys,  oxides,  steels,  thermal  insulators, 
semiconductors,  optical  materials,  and  biomaterials  (tissue).  Each  material  can  have 
up  to  43  defined  properties.  Each  of  those  defined  properties  is  associated  with  the 
temperature  of  measurement  and  the  frequency  of  measurement.  The  collection  of 
defined  properties  for  each  materials  property  datum  is  exportable  in  a  format  suitable 
for  use  with  the  COMSOL  Multiphysics  software. 


■  Chapter  3. 1D  Modeling  

The  first  half  of  Chapter  3  models  the  ID  KdV  equation  and  two  variations.  The  KdV 
equation  is  a  powerful  tool  that  is  used  to  model  soliton  wave  propagation  in  diverse 
media  (e.g.,  physical  waves  in  liquids,  electromagnetic  waves  in  transparent  media). 
It  is  easily  and  simply  modeled  with  a  ID  PDE  mode  model. 

The  second  half  of  Chapter  3  models  the  ID  telegraph  equation  and  two  variations. 
The  telegraph  equation  is  a  powerful  tool  that  is  used  to  model  wave  propagation  in 
diverse  transmission  lines.  It  can  be  used  to  thoroughly  characterize  the  propagation 
conditions  of  coaxial  lines,  twin  pair  lines,  and  microstrip  lines,  among  other  things. 
The  telegraph  equation  is  easily  and  simply  modeled  with  a  ID  PDE  mode  model. 


■  Chapter  4. 2D  Modeling 

The  first  half  of  Chapter  4  models  the  2D  electrochemical  polishing  model.  This 
model  is  a  powerful  tool  that  can  be  used  to  model  surface  smoothing  for  diverse  proj- 
ects (e.g.,  microscope  samples,  precision  metal  parts,  medical  equipment  and  tools, 
large  and  small  metal  drums,  thin  analytical  samples,  vacuum  chambers). 

The  second  half  of  Chapter  4  models  the  2D  Hall  effect.  The  2D  Hall  Effect  model 
is  a  powerful  tool  that  can  be  used  to  model  Hall  effect  magnetic  sensors  for  sensing 
fluid  flow,  rotating  and  linear  motion,  proximity,  current,  pressure,  and  orientation. 


■  Chapter  5. 2D  Axisymmetric  Modeling 

The  first  half  of  Chapter  5  models  three  2D  axisymmetric  cylinder  conduction  mod- 
els. From  a  comparison  of  the  three  models,  it  can  be  readily  observed  that  the  pres- 
ence of  a  vacuum  cavity  significantly  reduces  the  rate  of  heat  flow  through  the  model 
and  raises  the  equilibrium  temperature  at  the  surface  receiving  the  heat  flux. 
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The  second  half  of  Chapter  5  models  three  2D  axisymmetric  thermos  container 
models.  From  a  comparison  of  the  three  models,  it  can  be  readily  observed  that  the 
presence  of  a  vacuum  cavity  significantly  reduces  the  rate  of  heat  flow  through  the 
model  and  the  associated  heat  loss. 


■  Chapter  6. 2D  Simple  Mixed-Mode  Modeling 

The  first  half  of  Chapter  6  models  three  2D  resistive  heating  models.  These  models  are 
more  illustrative  of  the  mixed-mode  modeling  concept  than  they  are  directly  amenable 
to  the  comparison  of  calculated  values.  They  present  different  examples  of  the  diversity 
of  applied  scientific  and  engineering  model  designs  that  can  be  explored  using  electro- 
thermal coupling  and  transient  analysis.  These  models  also  demonstrate  the  significant 
power  of  relatively  simple  physical  principles,  such  as  Ohm's  law  and  Joule's  law. 

The  second  half  of  Chapter  6  models  three  2D  axisymmetric  inductive  heating 
models.  These  models  demonstrate  the  difference  in  level  of  complexity  between 
single-coil  and  multi-coil  models.  In  the  Inductive_Heating_l  model,  the  concept  of 
inductively  produced  heating  is  introduced.  In  the  Inductive_Heating_2  model,  the 
concept  of  inductively  produced  heating  is  applied  to  a  practical  application  (a  heated 
crucible)  so  as  to  present  one  example  of  the  diverse  applied  scientific  and  engineering 
model  designs  that  can  be  explored  using  electro-thermal  coupling  and  transient 
analysis.  In  the  Inductive_Heating_3  model,  the  crucible  is  filled  with  a  commonly 
used  metal  for  melting. 

These  models  are  examples  of  the  good  first  approximation  type  of  model.  In  other 
words,  they  demonstrate  the  significant  power  of  relatively  simple  physical  principles, 
such  as  Ohm's  law  and  Joule's  law,  when  applied  in  the  COMSOL  Multiphysics  mod- 
eling environment.  They  could,  of  course,  be  modified  by  the  addition  of  calculations, 
insulating  materials,  and  heat  loss  through  convection,  among  other  changes. 


■  Chapter  7. 2D  Complex  Mixed-Mode  Modeling 

The  first  third  of  Chapter  7  introduces  two  2D  electric  impedance  sensor  models: 
basic  and  advanced.  Those  models  employ  high-frequency  currents— 1  MHz  alternat- 
ing currents  AC  — to  explore  the  differential  impedance  within  a  body  of  material  in  a 
noninvasive  fashion.  Such  currents  are  applied  to  the  material  of  the  modeled  body  to 
locate  volumes  that  differ  in  impedance  from  the  impedance  of  the  bulk  material  by 
monitoring  the  local  impedance. 

The  basic  version  models  the  location  of  a  fixed- volume  impedance  difference. 
The  advanced  version  models  the  location  of  a  fluctuating  difference  volume,  as  might 
be  seen  in  a  medical  application  measuring  lung  function.  2D  electric  impedance 
tomography  research  is  currently  exploring  the  application  of  this  type  of  impedance 
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sensing  measurement  technology  to  the  detection  of  breast  cancer,  lung  function,  brain 
function,  and  numerous  other  areas. 

The  second  third  of  Chapter  7  introduces  two  2D  AC  generator  models:  static  and 
transient.  These  models  generate  low-frequency  (60  Hz)  current  and  voltage,  as  would 
be  typically  found  on  the  power  transmission  grid.  They  demonstrate  the  use  of  both 
hard  (not  easily  magnetized)  and  soft  (easily  magnetized)  nonlinear  magnetic  materi- 
als in  the  construction  of  rotating  machines  for  the  conversion  of  mechanical  energy 
to  electrical  energy. 

The  last  third  of  Chapter  7  introduces  two  2D  AC  generator  sector  models:  static 
and  transient.  These  models  generate  low-frequency  (60  Hz)  current  and  voltage,  as 
would  be  typically  found  on  the  power  transmission  grid.  They  demonstrate  the  use  of 
both  hard  (not  easily  magnetized)  and  soft  (easily  magnetized)  nonlinear  magnetic 
materials  in  the  construction  of  a  rotating  machine  for  the  conversion  of  mechanical 
energy  to  electrical  energy.  An  ordinary  differential  equation  (ODE)  is  incorporated 
into  the  sector  model  to  handle  the  torque -related  aspects  of  the  model  calculations. 


■  Chapter  8. 3D  Modeling 

The  first  third  of  Chapter  8  models  the  3D  thin  layer  resistance  model,  thin  layer 
approximation,  and  the  thin  layer  resistance  model,  thin  layer  subdomain.  The  first 
model  employs  the  thin  layer  approximation  to  solve  a  model  by  replacing  the  center 
domain  with  a  contact-resistance  identity  pair.  Such  an  approximation  has  broad  appli- 
cability. It  is  important  to  note  that  the  use  of  the  thin  layer  approximation  is  applica- 
ble to  any  problem  in  which  flow  is  described  by  the  divergence  of  a  gradient  flux 
(e.g.,  diffusion,  heat  conduction,  flow  through  porous  media  under  Darcy's  law). 

The  application  of  the  thin  layer  approximation  is  especially  valuable  to  the  mod- 
eler when  the  differences  in  domain  thickness  are  so  great  that  the  mesh  generator  fails 
to  properly  mesh  the  model  or  creates  more  elements  than  the  modeling  platform  can 
handle  ("run  out  of  memory"  problem).  In  those  cases,  this  approximation  may  enable 
a  model  to  be  solved  that  would  otherwise  fail. 

A  direct  comparison  is  made  of  the  model  solutions  by  comparing  the  results 
obtained  from  the  cross-section  plots.  As  seen  from  the  examination  of  those  plots,  the 
only  substantial  difference  between  the  two  solutions  is  the  electrical  potential  differ- 
ence across  subdomain  2  (the  thin  layer).  Thus  the  modeler  can  choose  the  imple- 
mentation that  best  suits  his  or  her  system  and  time  constraint  needs,  without  suffering 
excessive  inaccuracies  based  on  the  approximation  method. 

The  second  third  of  Chapter  8  introduces  the  3D  electrostatic  potential  model. 
This  modeling  technique  demonstrates  one  of  the  methods  that  can  be  used  by  the 
modeler  to  explore  electrostatic  potentials  in  different  geometric  configurations.  It  can 
be  applied  to  both  scientific  and  engineering  applications  (e.g.,  ranging  from  X-ray 
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tubes  and  particle  accelerators  to  paint  sprayers  and  dust  precipitators).  The  3D_ 
ESP_2  model  is  typical  of  those  that  might  be  found  in  a  particle  beam  analyzer  or  a 
similar  engineering  or  scientific  device. 

The  last  third  of  Chapter  8  models  the  3D  magnetic  field  of  a  Helmholtz  coil.  This 
model  demonstrates  the  magnetic  field  uniformity  of  a  Helmholtz  coil  pair.  This  mag- 
netostatic  modeling  technique  can  be  applied  to  a  diverse  collection  of  scientific  and 
engineering  applications  (e.g.,  ranging  from  magnetometers  and  Hall  effect  sensors  to 
biomagnetic  and  medical  studies) . 

A  related  model,  the  3D  magnetic  field  of  a  Helmholtz  coil  with  a  magnetic  test 
object,  demonstrates  the  magnetic  field  concentration  when  a  high  relative  permeabil- 
ity object  lies  within  the  field  of  the  Helmholtz  coil.  This  magnetostatic  modeling 
technique  can  be  applied  to  a  diverse  collection  of  scientific  and  engineering  test, 
measurement,  and  design  applications. 


■  Chapter  9.  Perfectly  Matched  Layer  Models 

The  first  half  of  Chapter  9  introduces  the  2D  dielectric  lens  models,  with  and  with- 
out perfectly  matched  layers  (PMLs).  [The  PML  model  best  approximates  a  free 
space  environment  (no  reflections).]  Comparison  is  made  between  the  two  models. 
The  differences  in  the  electric  field,  z-component  visualizations  between  the  PML 
and  no-PML  models  amount  to  approximately  2%.  Depending  on  the  nature  of  the 
problem,  such  differences  may  or  may  not  be  significant.  What  these  differences 
show  the  modeler  is  that  he  or  she  needs  to  understand  the  application  environment 
well  so  as  to  build  the  best  model.  For  other  than  free  space  environments,  the  mod- 
eler needs  to  determine  the  best  boundary  condition  approximation  using  standard 
practices  and  a  first  principles  approach.  Always  do  a  first  principles  analysis  of  the 
environment  before  building  the  model. 

The  second  half  of  Chapter  9  introduces  the  2D  concave  mirror  models,  with  and 
without  PMLs.  There  are  only  small  differences  in  the  electric  field,  z-component 
visualizations  between  the  PML  and  no-PML  models  for  the  concave  mirror.  This  lack 
of  large  differences  between  the  PML  and  no-PML  models  again  shows  the  modeler 
that  he  or  she  needs  to  understand  the  relative  importance  of  the  modeled  values  to 
evaluate  the  application  and  the  application  environment  so  as  to  build  the  best  model. 


■  Chapter  10.  Bioheat  Models 

The  bioheat  equation  plays  an  important  role  in  the  development  and  analysis  of  new 
therapeutic  medical  techniques  (e.g.,  killing  of  tumors).  If  the  postulated  method  rais- 
es the  local  temperature  of  the  tumor  cells  without  excessively  raising  the  tempera- 
ture of  the  normal  cells,  then  the  proposed  method  will  probably  be  successful. 
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The  results  (estimated  time  values)  from  the  model  calculations  will  significantly 
reduce  the  effort  needed  to  determine  an  accurate  experimental  value.  The  guiding 
principle  needs  to  be  that  tumor  cells  die  at  elevated  temperatures.  The  literature  cites 
temperatures  that  range  from  42  °C  (315.15  K)  to  60  °C  (333.15  K). 

The  first  half  of  Chapter  10  models  the  bioheat  equation  as  applied  with  a  pho- 
tonic heat  source  (laser) .  The  second  half  of  the  chapter  models  the  bioheat  equation 
as  applied  with  a  microwave  heat  source. 


note^  Executable  copies  of  each  model  and  related  animations  are  available  in  full 
color  on  the  accompanying  DVD. 
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■  Guidelines  for  New  COMSOL®  Multiphysics®  Modelers  

Hardware  Considerations  

There  are  two  basic  rules  to  selecting  hardware  that  will  support  successful  modeling. 
First,  new  modelers  should  be  sure  to  determine  the  minimum  system  requirements 
that  their  version  of  COMSOL®  Multiphysics®  software  needs  before  borrowing  or 
buying  a  computer  to  run  their  new  modeling  software.  Second,  these  new  modelers 
should  run  their  copy  of  COMSOL  Multiphysics  software  on  the  best  platform  with 
the  highest  processor  speed  and  the  most  memory  obtainable:  The  bigger  and  faster, 
the  better.  It  is  the  general  rule  that  the  speed  of  model  processing  increases  directly 
as  a  function  of  the  processor  speed,  the  number  of  platform  cores,  and  the  available 
memory. 

note^  The  number  of  platform  cores  is  equal  to  the  number  of  coprocessors  designed 
into  the  computer  (e.g.,  one,  two,  four,  eight, . . .). 

The  platform  that  this  author  uses  is  an  Apple®  Mac  Pro®,  running  Mac  OS  X®  ver- 
sion 10.5.x,  and  also  running  Parallels  Desktop®  3.x  with  Microsoft®  Windows  XP®. 
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This  Mac  Pro  has  four  3  GHz  cores  and  16  GB  of  RAM.  This  platform,  as  configured, 
is  more  powerful,  more  versatile,  more  stable,  and  more  cost-effective  than  other  poten- 
tial choices.  It  can  handle  complex  3D  models  in  short  computational  times  (more  speed, 
more  memory)— that  is,  in  minutes  instead  of  the  hours  that  may  be  required  by  less 
powerful  systems.  This  configuration  can  run  any  of  the  32-bit  COMSOL  Multiphysics 
software,  when  using  COMSOL  Multiphysics  Version  3.4.  The  Apple  hardware  is  con- 
figured for  64-bit  processing  and  will  run  at  the  64-bit  rate  when  using  COMSOL 
Multiphysics  Version  3.5.  If  new  modelers  desire  a  different  64-bit  operating  system 
than  Macintosh  OS  X,  then  they  will  need  to  choose  either  a  Sun®  or  a  Linux®  platform, 
using  UNIX®  or  a  PC  with  a  64-bit  Microsoft  Windows  operating  system. 

noie^  The  "3  GHz"  specification  is  the  operating  speed  of  each  of  the  cores  and  the 
"16  GB"  is  the  total  shared  random  access  memory  (RAM).  The  "64-bit"  refers  to  the 
width  of  a  processor  instruction. 

Once  the  best  available  processor  is  obtained,  within  the  constraints  of  your  budg- 
et, install  your  copy  of  COMSOL  Multiphysics  software,  following  the  installer 
instructions.  Once  installed,  COMSOL  Multiphysics  software  presents  the  modeler 
with  a  graphical  user  interface  (GUI).  For  computer  users  not  familiar  with  the  GUI 
concept,  information  in  such  an  interface  is  presented  primarily  in  the  form  of  pictures 
with  supplemental  text,  not  exclusively  text. 

Coordinate  Systems 

Figure  1.1  shows  the  default  (x-y-z)  coordinate  orientation  for  COMSOL  modeling 
calculations.  This  coordinate  system  is  based  on  the  right-hand  rule. 

note^  The  right-hand  rule  is  summarized  by  its  name.  Look  at  your  right  hand,  point 
the  thumb  up;  point  your  first  finger  away  from  your  body,  at  a  right  angle  (90  degrees) 
to  your  thumb;  and  point  your  second  finger  at  a  right  angle  to  the  thumb  and  first 
finger,  parallel  to  your  body.  Your  thumb  represents  the  z-axis,  your  first  finger 
represents  the  x-axis,  and  your  second  finger  represents  the  y-axis. 

In  this  right-handed  coordinate  system,  x  rotates  into  y  and  generates  z.  If  you  have 
a  need  to  convert  your  model  from  the  x-y-z  frame  to  a  Spherical  Coordinate  frame,  then 
the  transformation  can  be  implemented  using  built-in  COMSOL  mathematical  functions. 
The  x-y-z  to  spherical  coordinate  conversion  is  achieved  through  the  following 
equations: 


Spherical  radius  (r):    r  =  sqrt(x2  +  y2  +  z1) 


(1.1) 
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I  FIGURE  1.1  3D  GUI  example  of  the  Cartesian  coordinate  system  (x-y-z) 


x-y  plane  rotational  angle  <$>  (phi):    phi  =  a  tan2(y,  x)  (1 .2) 

x-z  plane  rotational  angle  6  (theta):    theta  =  a  cos(z/r)  (1.3) 


note^  The  built-in  function  sqrt( argument)  indicates  that  COMSOL  Multiphysics 
will  take  the  positive  square  root  of  the  argument  contained  between  the  parentheses. 
The  built-in  function  a  tan2(argument)  indicates  that  COMSOL  Multiphysics  will 
convert  the  argument  contained  between  the  parentheses  to  an  angle  in  radians  (in  this 
case,  phi) .  The  built-in  function  a  cos(argument)  indicates  that  COMSOL  Multiphysics 
will  convert  the  argument  contained  between  the  parentheses  to  an  angle  in  radians  (in 
this  case,  theta). 


To  employ  these  spherical  conversion  equations  in  your  model,  you  will  need  to 
start  COMSOL  Multiphysics,  select  "3D"  in  the  Model  Navigator  Screen,  select  the 
desired  Application  Mode,  and  click  the  OK  button.  Using  the  pull-down  menu,  select 
Options  >  Expressions  >  Scalar  Expressions  and  then  enter  equations  1 .1 , 1 .2,  and  1 .3 
in  the  Scalar  Expressions  window,  as  shown  in  Figure  1.2. 
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O  O  O  Scalar  Expressions 


Name 

r 

Expression 
sqrt(xA2+yA2+zA2) 

Unit 
m 

Description 
spherical  radius 

phi 

atan2(v.x) 

rad 

rotation  counterclockwise  in  X-Y  plane 

theta 

acos(z/r) 

rad 

J 

i 

&  H  (    Help    )    (  Apply  )    (  Cancel  )    (     OK  ) 


I  FIGURE  1.2  COMSOL  Multiphysics  3D  Scalar  Expressions  window  with  the  spherical  coordinate  transform 
equations  entered 


note^  When  a  list  of  operations  is  presented  sequentially  (A  >  B  >  C  >  D) ,  the  modeler 
is  expected  to  execute  those  operations  in  that  sequence  in  COMSOL. 


Once  these  equations  are  available  in  the  model,  the  x-y-z  coordinates  can  be  con- 
verted as  shown  in  Figures  1 .3  and  1 .4. 

note^  The  rotational  sense  of  an  angular  transform  is  determined  by  viewing  the 
angular  rotation  as  one  would  view  a  typical  analog  clock  face.  The  vector  r  rotating 
from  x  into  y  for  a  positive  angle  phi  is  counterclockwise,  because  phi  equals  zero  at  the 
positive  x-axis.  The  vector  r  rotating  from  z  into  x  for  a  positive  angle  theta  is 
clockwise,  because  theta  equals  zero  at  the  positive  z-axis. 


I  FIGURE  1.3  Spherical  coordinate  transform  angle  and  rotational  sense  for  [<f>)  phi 
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I  FIGURE  1.4  Spherical  coordinate  transform  angle  and  rotational  sense  for  (d)  theta 

As  all  potential  COMSOL  modelers  know,  the  Cartesian  (x-y-z)  and  Spherical 
Coordinate  (r-phi-theta)  reference  frames  are  not  the  only  coordinate  systems  that  can  be 
used  as  the  basis  frame  for  Multiphysics  models.  In  fact,  when  you  first  open  the  Model 
Navigator,  you  are  given  the  option  and  are  required  to  choose  one  of  the  following  mod- 
eling coordinate  systems:  ID,  2D,  3D,  Axial  Symmetry  (ID),  or  Axial  Symmetry  (2D). 
The  coordinate  system  that  you  choose  determines  the  geometry  and  specific  subgroup  of 
COMSOL  Application  Modes  that  can  be  applied  in  that  selected  geometry  (geometries). 

note^  An  Application  Mode  is  the  initial  collection  of  equations,  independent 
variable(s),  dependent  variable(s),  default  settings,  boundary  conditions,  and  other 
properties  that  are  appropriate  for  the  solution  of  problems  in  that  branch  of  physics 
(e.g.,  acoustics,  electromagnetics,  heat  transfer).  As  indicated  by  the  name 
"Multiphysics,"  multiple  branches  of  physics  can  be  applied  within  each  model. 
Diverse  models  that  demonstrate  the  application  of  the  multiphysics  concept  will  be 
explored  in  detail  as  this  book  progresses. 


Implicit  Assumptions 

A  modeler  can  generate  a  first-cut  problem  solution  as  a  reasonable  estimate,  by 
choosing  initially  to  use  a  lower-dimensionality  coordinate  space  than  3D  (e.g.,  ID, 
2D  Axisymmetric).  By  making  a  low-dimensionality  geometric  choice,  a  modeler  can 
significantly  reduce  the  total  time  needed  to  achieve  a  detailed  final  solution  for  the 
chosen  prototype  model.  Both  new  modelers  and  experienced  modelers  alike  must  be 
especially  careful  to  fully  understand  the  underlying  (implicit)  assumptions,  unspeci- 
fied conditions,  and  default  values  that  are  incorporated  into  the  model  as  a  result  of 
simply  selecting  the  lower-dimensionality  geometry. 
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note^  A  first-cut  solution  is  the  equivalent  of  a  back-of-the-envelope  or  on-a-napkin 
solution.  Solutions  of  this  type  are  relatively  easy  to  formulate,  are  quickly  built,  and 
provide  a  first  estimate  of  whether  the  final  solution  of  the  full  problem  is  deemed  to  be 
(should  be)  within  reasonable  bounds.  Creating  a  first-cut  solution  will  often  allow  the 
modeler  to  decide  whether  it  is  worth  the  time  and  money  required  to  create  a  fully 
implemented  higher-dimensionality  (3D)  model. 

Space,  as  all  modelers  know,  comes  with  four  basic  dimensions:  three  space 
dimensions  (x-y-z)  and  one  time  dimension  (?).  For  example,  the  four  dimensions 
might  be  x-y-z-t,  or  r-(f>-d-t.  Relativistic  effects  can  typically  be  neglected,  except  in 
cases  of  high  velocity  or  ultra-high  accuracy.  Neither  of  these  types  of  problems  will 
be  covered  in  this  book. 


note^  Relativistic  effects  typically  become  a  concern  only  for  bodies  in  motion  with 
a  velocity  approaching  that  of  the  speed  of  light  (~3.0  X  108  m/s)  or  for  ultra-high 
resolution  time  calculations  at  somewhat  lower  velocities. 


The  types  of  calculations  presented  within  this  book  are  typically  for  steady-state 
models  or  for  relatively  low-velocity  transient  model  solutions.  Any  transient  solution 
model  can  be  solved  using  a  quasi-static  methodology. 

note^  In  a  steady-state  model,  the  controlling  parameters  are  defined  as  numerical 
constants  and  the  model  is  allowed  to  converge  at  the  equilibrium  state  defined  by  the 
specified  constants.  In  the  quasi-static  methodology,  a  model  solution  to  a  problem  is 
found  by  initially  treating  the  model  as  a  steady-state  problem.  Incrementally 
modifying  the  modeling  constants  then  moves  the  model  problem  solution  toward  the 
desired  transient  solution. 


■  1D  Window  Panes  Heat  Flow  Models 

Consider,  for  example,  a  brief  comparison  between  a  relatively  simple  ID  heat  flow 
model  and  the  identical  problem  presented  as  a  3D  model.  The  models  considered  here 
are  those  of  a  single-pane,  dual-pane,  or  triple-pane  window  mounted  in  the  wall  of  a 
building  on  a  typical  winter's  day.  The  questions  to  be  answered  are  Why  use  a  dual- 
pane  window?  and  Why  use  a  triple-pane  window? 

1D  Single-Pane  Heat  Flow  Model 

Run  the  COMSOL  Multiphysics  application.  Select  "New"  and  then  select  "ID"  in  the 
Model  Navigator.  Then  select  "COMSOL  Multiphysics."  Select  "Heat  Transfer" 
followed  by  "Conduction"  and  then  "Steady-state  analysis."  Click  OK. 
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OQO  Constants 


Name 

Expression 
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Description 
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Interior  Temperature 
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255.372222[K] 
1.01325e5[Pa] 

Exterior  Temperature 

P 

l(atm) 

air  pressure 

l«  

 S*Y*\ 

I  FIGURE  1.5  1D  Constants  specification  window 


After  the  ID  workspace  appears,  enter  the  constant  values  needed  for  this  model: 
Use  the  menu  bar  to  select  Options  >  Constants.  Enter  the  following  items:  T_in  tab 
70[degF]  tab  Interior  Temperature  tab  T_out  tab  0[degF]  tab  Exterior  Temperature  tab 
p  tab  l[atm]  (in  Version  3.4)  or  1.01325e5[Pa]  (for  earlier  versions)  tab  air  pressure 
tab;  see  Figure  1.5.  Click  the  Apply  button.  These  entries  in  the  Constants  window 
define  the  Interior  Temperature,  the  Exterior  Temperature,  and  the  air  pressure  for  use 
in  this  model.  Click  on  the  disk  icon  in  the  lower-left  corner  of  the  Constants  window 
(Export  Variables  to  File)  to  save  these  constants  as  ModelOC_lD_WPl  .txt  for  use  in 
the  comparison  models  to  follow  later  in  this  chapter.  Click  the  OK  button. 

Next,  draw  a  line  to  represent  the  thickness  of  a  ID  window  pane:  Use  the  menu 
bar  and  select  Draw  >  Specify  Objects  >  Line.  Enter  the  following:  0.000  space  0.005; 
see  Figure  1.6.  Leave  the  default  Polyline,  and  click  the  OK  button.  Click  the  Zoom 
Extents  icon  in  the  toolbar. 

Once  the  Zoom  Extents  icon  is  clicked,  the  specified  0.005  m  line  will  appear  in 
the  workspace,  as  shown  in  Figure  1.7. 

After  the  0.005  m  line  has  been  created  in  the  workspace,  use  the  menu  bar  and 
select  Physics  >  Subdomain  Settings  >  1 .  The  window  shown  in  Figure  1 .8  contains 
the  known  properties  of  copper  (Cu)  as  the  default  materials  properties  values. 


Coordinates 
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(  Cancel  ) 
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I  FIGURE  1.6  1D  Line  specification  window 
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I  FIGURE  1.7  The  0.005  m  line  shown  in  the  1D  workspace 


note^  COMSOL  Multiphysics  software  is  based  on  the  Finite  Element  Method  (FEM) . 
To  ensure  that  it  is  as  easy  as  possible  to  use  out  of  the  box  for  modelers,  both  new  and 
experienced,  COMSOL  inserts  default  materials  properties  and  numerical  parameters 
settings  values  to  avoid  singularities  and  other  errors  in  the  calculation  of  solutions.  The 
modeler  will  need  to  verify  that  all  materials  and  parameter  values  that  are  incorporated 
into  their  particular  models  are  the  appropriate  values  for  the  desired  solution. 


I  FIGURE  1.8  1 D  Subdomain  Settings  window 
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If  copper  is  not  the  material  of  choice,  as  in  this  heat  transfer  model,  then  the 
materials  property  values  need  to  be  changed. 

note^  The  implicit  assumption  here  would  be  that  the  default  values  in  the  Subdomain 
Settings  window  are  the  correct  values  that  the  modeler  needs  to  build  the  desired  model. 
Specifically,  that  assumption  would  be  true  only  if  the  modeler  were  building  the  heat 
transfer  model  using  copper.  In  general,  that  implicit  assumption  is  not  correct.  The 
modeler  needs  to  know  before  building  any  new  models  what  the  approximate  expected 
values  are  for  the  particular  properties  of  the  materials  selected  for  use  in  the  model.  A 
number  of  sources  have  detailed  materials  properties  values  available:  Some  sources  are 
available  at  no  cost,  while  other  sources  have  different  levels  of  availability  for  different 
fees.  Materials  properties  sources  are  discussed  in  Chapter  2. 

For  this  model,  click  the  Load  button,  and  then  select  "Basic  Materials  Properties" 
and  "Silica  Glass."  Click  OK.  All  the  appropriate  values  displayed  in  the  Value/ 
Expression  subwindows  in  the  Subdomain  Settings  window  are  altered  as  the  new  val- 
ues are  loaded  from  the  library.  (Silica  glass  has  a  thermal  conductivity  value  rough- 
ly 0.35%  of  that  of  copper.) 

Once  the  thermal  conductivity  is  loaded  from  the  materials  properties  library, 
enter  T_in  in  the  Text  and  Tambtrans  windows,  as  shown  in  Figure  1 .9. 

Click  the  Init  button  and  enter  T_in  as  shown  in  Figure  1.10.  Click  OK.  Setting 
the  T_in  value  as  the  initial  temperature  of  the  window  pane  (subdomain  1)  allows  for 
quicker  convergence  of  the  model  and  avoids  any  singularities. 
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I  FIGURE  1.9  1D  Subdomain  Settings  Physics  window  settings 
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I  FIGURE  1.10  1D  Subdomain  Settings  Init  window  settings 


Now  the  modeler  needs  to  enter  the  appropriate  Boundary  Settings.  Using  the 
menu  bar,  select  Physics  >  Boundary  Settings.  After  the  Boundary  Settings  window 
appears,  as  shown  in  Figure  1.11,  select  "1"  in  the  Boundary  Settings  Boundary  selec- 
tion window. 
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I  FIGURE  1.11  Boundary  Settings  window 
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equation 


n  •  (k^TI  -  q0  +  h(Tjn)  -  T)  +  Const(Tjn)b4  -  T4) 


Select  bv  group 
^  Interior  boundaries 
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Unit  Description 
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W/(m2  K)   Heat  transfer  coefficient 
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W/(m2  K4)  Problem-dependent  constant 

K  Ambient  temperature 
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I  FIGURE  1.12  Filled-in  Boundary  Settings  window  for  boundary  1 


Next,  select  "Heat  flux"  from  the  Boundary  conditions  pull-down  menu.  Enter 
15  in  the  Heat  transfer  coefficient  window  (h).  Enter  T_in  in  the  External  temper- 
ature window  (Tinf).  Enter  T_in  in  the  Ambient  temperature  window  (Tamb).  Click 
the  Apply  button.  Figure  1.12  shows  the  filled-in  Boundary  Settings  window  for 
boundary  1. 

Now  select  "2"  in  the  Boundary  Settings  Boundary  selection  window.  Select 
"Heat  flux"  as  the  Boundary  condition.  Enter  15  in  the  Heat  transfer  coefficient  win- 
dow (h).  Enter  T_out  in  the  External  temperature  window  (Tinf).  Enter  T_out  in  the 
Ambient  temperature  window  (Tamb).  Click  the  Apply  button.  Figure  1.13  shows  the 
filled-in  Boundary  Settings  window  for  boundary  2.  Click  OK. 

All  the  Subdomain  Settings  and  the  Boundary  Settings  have  now  been  either  cho- 
sen or  entered.  The  next  step  is  to  mesh  the  model.  In  this  simple  model,  all  the  mod- 
eler needs  to  do  is  use  the  toolbar  and  select  "Initialize  Mesh."  Figure  1 .14  shows  the 
initial  mesh.  The  line  segments  between  the  dots  are  the  mesh  elements. 

To  improve  the  resolution,  the  mesh  will  be  refined  twice.  All  the  modeler  needs 
to  do  is  use  the  toolbar  and  select  Refine  Mesh  >  Refine  Mesh.  The  refined  mesh  of 
the  single-pane  model  now  contains  the  60  elements  shown  in  Figure  1 .15,  rather  than 
the  original  15  elements  shown  in  Figure  1.14. 

For  this  model,  the  software  will  be  allowed  to  automatically  select  the  Solver  and 
Solver  Parameters.  To  solve  this  model,  go  to  the  menu  bar  and  select  Solve  >  Solve 
Problem.  The  solution  is  found  almost  immediately,  in  0.014  second.  The  solution  is 
plotted  using  the  default  Postprocessing  values  and  is  shown  in  Figure  1.16. 
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(    Help    )    (  Apply  )    (  Cancel  )    (     OK  ) 


I  FIGURE  1.13  Filled-in  Boundary  Settings  window  for  boundary  2 


note^  The  precise  length  of  time  required  for  the  solution  of  a  given  model  depends 
directly  on  the  configuration  of  the  platform  and  the  overhead  imposed  by  the 
operating  system. 


note^  The  implicit  assumption  here  would  be  that  the  default  values  in  the 
Postprocessing  window  are  the  correct  values  that  the  modeler  needs  to  plot  the 
calculated  results  of  the  built  model.  Specifically,  that  assumption  in  general  will  not  be 
true.  For  example,  in  the  case  of  this  model,  the  default  plot  is  in  Kelvins  (K),  when  the 
modeler  would  probably  prefer  degrees  Fahrenheit.  Also,  it  would  be  helpful  to  show 
the  change  in  temperature  as  a  function  of  the  distance  into  the  window  pane. 

The  modeler  needs  to  know  before  building  a  new  model  what  the  approximate 
expected  resultant  values  are  for  the  particular  properties  of  the  materials  selected  for 
use  in  the  model.  A  firm  understanding  of  the  basic  physics  involved  and  the 
appropriate  conservation  laws  that  apply  to  the  model  are  required  for  analysis, 
understanding,  and  configuration  of  the  Postprocessing  presentation(s). 

The  plot  presentation  is  changed  as  follows:  Select  Postprocessing  >  Plot 
Parameters  from  the  menu  bar.  When  the  Plot  Parameters  window  shown  in  Figure  1 .17 
appears,  select  "Line"  (Figure  1 .18)  and  then  "°F  (degF)"  from  the  Unit  pull-down  bar. 
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I  FIGURE  1.14  1 D  single-pane  window  with  initialized  mesh 

Select  "Use  expression  to  color  line."  Click  the  Color  Expression  button  to  display  the 
Line  Color  Expression  window  (Figure  1.19).  Select  "°F  (degF)"  from  the  Unit  pull- 
down bar.  Click  OK,  and  then  click  OK  again.  The  Plot  Presentation  will  be  rendered 
as  shown  in  Figure  1 .20. 

ID  Single-Pane  Analysis  and  Conclusions 

The  ID  single-pane  window  model,  though  simple,  reveals  several  fundamental  factors 
about  the  physics  of  heat  flow  through  the  single-pane  window.  The  interior  tempera- 
ture T_in  was  established  at  70  °F.  The  exterior  temperature  T_out  was  established  at 
0  °F.  The  calculated  temperature  at  the  midpoint  of  the  single  pane  is  the  median  value 


I  FIGURE  1.15  1 D  single-pane  window  with  refined  mesh 
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I  FIGURE  1.16  1D  single-pane  window  solution  plotted  using  default  values 
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I  FIGURE  1.17  1 D  singl  e-pane  Plot  Parameters  General  window 
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I  FIGURE  1.18  1D  single-pane  Plot  Parameters  Line  window 


of  the  interior  and  exterior  temperatures,  35  °F.  The  temperature  difference  between  the 
inner  surface  of  the  pane  and  the  outer  surface  of  the  pane  is  approximately  2  °F. 

The  temperature  difference  between  the  air  in  the  heated  room  (70  °F)  and  the 
interior  surface  of  the  single  pane  (35.9  °F)  is  approximately  34  °F.  This  temperature 
difference  between  the  ambient  temperature  and  the  single-pane  window  will  at  least 
result  in  water  vapor  condensation  (fogging)  and  heat  loss  to  the  exterior. 

note^  When  building  models,  be  sure  to  save  early  and  often. 
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I  FIGURE  1.19  1D  single-pane  Line  Color  Expression  window 
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I  FIGURE  1.20  1D  single-pane  window  solution  plotted  using  °F  and  Color  Bar 

1D  Dual-Pane  Heat  Flow  Model  

This  ID  model  explores  the  physics  of  a  dual-pane  window  with  an  air  space  between 
the  panes.  This  model  is  parametrically  similar  to  the  single-pane  window  model  for 
ease  of  comparison  of  the  modeling  results. 

Run  the  COMSOL  Multiphysics  application.  Select  "New"  and  then  select  "ID" 
in  the  Model  Navigator.  Select  COMSOL  Multiphysics  >  Heat  Transfer  >  Conduction  > 
Steady-state  analysis.  Click  OK. 

After  the  ID  workspace  appears,  use  the  menu  bar  to  select  Options  >  Constants. 
Import  the  file  ModelOC_lD_WPl.txt  saved  earlier.  To  import  this  file,  click  on  the 
Folder  icon  in  the  lower-left  corner  of  the  Constants  window.  These  imported  entries , 
as  shown  in  Figure  1.21,  define  the  Interior  Temperature,  the  Exterior  Temperature, 
and  the  air  pressure  for  use  in  this  model  and  the  models  to  follow. 

Modeling  a  dual-pane  window  requires  that  three  lines  be  drawn  in  the  workspace 
window.  The  drawn  lines  represent  the  left  (first)  pane,  the  air  space,  and  the  right 
(second)  pane,  respectively.  To  use  the  menu  bar  to  draw  the  first  line,  select  Draw  > 
Specify  Objects  >  Line .  Enter  0 .000  space  0 .005  in  the  window,  as  shown  in  Figure  1 .22 . 
Leave  the  default  Polyline,  and  click  the  OK  button.  Next,  use  the  menu  bar  to  draw 
the  second  line.  Select  Draw  >  Specify  Objects  >  Line.  Enter  0.005  space  0.015  in  the 
window,  as  shown  in  Figure  1.23.  Leave  the  default  Polyline,  and  click  the  OK 
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I  FIGURE  1.21  1 D  dual  -pane  Constants  specification  window 


button.  Finally,  using  the  menu  bar,  draw  the  third  line.  Select  Draw  >  Specify  Objects 
>  Line.  Enter  0.015  space  0.020  in  the  window.  Leave  the  default  Polyline,  and  click 
the  OK  button.  Figure  1.24  shows  the  results  of  the  model  line  creation  before  click- 
ing the  Zoom  Extents  icon  in  the  toolbar. 

Once  the  Zoom  Extents  icon  is  clicked,  the  specified  dual-pane  Window  model 
will  appear  in  the  workspace  as  shown  in  Figure  1 .25 . 

Next,  using  the  menu  bar,  select  Physics  >  Subdomain  Settings.  Once  the 
Subdomain  Settings  window  appears,  select  "1"  in  the  Subdomain  selection  window. 
For  this  model,  select  Load  >  Basic  Materials  Properties  >  Silica  Glass.  Click  OK.  All 
the  appropriate  values  displayed  in  the  Value/Expression  subwindows  in  the 
Subdomain  Settings  window  are  altered  as  the  new  values  are  loaded  from  the  library. 
(Silica  glass  has  a  thermal  conductivity  value  roughly  0.35%  of  that  of  copper.) 

Once  the  thermal  conductivity  is  loaded  from  the  materials  properties  library,  enter 
T_in  in  the  Text  and  Tambtrans  windows,  as  shown  in  Figure  1 .26.  Click  the  Apply  button. 

Next,  select  "2"  in  the  Subdomain  selection  window.  For  this  model,  select  Load  > 
Basic  Materials  Properties  >  Air,  1  atm.  Click  OK.  All  the  appropriate  values  dis- 
played in  the  Value/Expression  subwindows  in  the  Subdomain  Settings  window  are 
altered  as  the  new  values  are  loaded  from  the  library. 
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I  FIGURE  1.22  1 D  d  ual-pane  Line  specification  window  for  the  left  pane 
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I  FIGURE  1.23  1 D  dual-pane  Line  specification  window  for  the  air  gap 

Once  the  thermal  conductivity  is  loaded  from  the  materials  properties  library,  enter 
T_in  in  the  Text  and  Tambtrans  windows,  as  shown  in  Figure  1 .27.  Click  the  Apply  button. 

Next,  select  "3"  in  the  Subdomain  selection  window.  For  this  model,  Select 
Library  materials  list  >  Silica  Glass.  The  previously  selected  values  loaded  from  the 
materials  library  are  loaded  into  this  subdomain. 

Once  the  thermal  conductivity  is  loaded  from  the  materials  properties  library,  enter 
T_out  in  the  Text  and  T^^j,  windows,  as  shown  in  Figure  1 .28.  Click  the  Apply  button. 

Next,  set  the  initial  conditions  for  each  subdomain  (1,  2,  3)  by  clicking  the  Init 
button  and  then  entering  the  initial  conditions  shown  in  Table  1.1.  Click  OK. 

Now,  the  modeler  needs  to  enter  the  appropriate  Boundary  Settings.  Using  the 
menu  bar,  select  Physics  >  Boundary  Settings,  as  shown  in  Figure  1.29. 


I  FIGURE  1.24  1 D  dual  -pane  workspace  showing  both  panes  and  the  air  gap 
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I  FIGURE  1.25  1 D  dual  -pane  workspace  after  clicking  the  Zoom  Extents  icon 

Once  the  Boundary  Settings  window  appears,  select  "1"  in  the  Boundary  selec- 
tion window.  Select  "Heat  flux"  as  the  Boundary  condition.  Enter  15  in  the  Heat 
transfer  coefficient  window  (h).  Enter  T_in  in  the  External  temperature  window 
(Tinf).  Enter  T_in  in  the  Ambient  temperature  window  (Tamb).  Click  the  Apply  button. 
Figure  1 .30  shows  the  filled-in  Boundary  Settings  window  for  boundary  1 . 


I  FIGURE  1.26  1D  dual-pane  Subdomain  Settings  Physics  window  settings,  left  pane 
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Fqnatinn 
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(  Physics      inn      Element      Color/Style  U 


Thermal  properties  and  heat  sources/sinks 


I  ihrary  material*      Air.  1  atm      kt"^    (  load  ^ 

Value/Expression          Unit  Description 

k(T[l/Kl)[W/<m*K)]      w/<m  K>  Thermal  conductivity 

/m3  Heat  source 


W/(m5  K>  convective  heat  transfer  coefficient 

External  temperature 
w/<mJ  KA)  User-defined  constant 

K 

Ambient  temoerature 


(    Hetp    )     (  Apply  )     (  Cancel  ) 

I  FIGURE  1.27  1 D  dual  -pane  Subdomain  Settings  Physics  window  settings,  air  gap 


Table  1.1     Subdomain  Settings,  Initial  Conditions 


Subdomain 

1 

2 

3 

Init 

Tjn 

Tjn 

T_out 

Fquatinn 


-VlkVI).«+hff„sll„t-l)  +  Lolns(l1 


>.  I  =  temperature 


f  SubQo mains  Croups  ' 
Subdomain  selection — 


Ij  Selpft  hy  group 

Ml  Auive  in  Uih  dutiuiin 


c 


Thermal  properties  and  heat  sources/sinks 
[  ihrary  mMeriM      Silica  Class     '  I  i 


Value/Expression 


Unit  Description 

«7<m  K)    ■nitmal  conductivity 

W/m*         Heat  source 

W/(m3  K>   convective  heat  transfer  coefficient 

u 

External  temperature 
w/lm!  k")  User-defined  constant 
Ambient  temperature 


(    Help    )     (  Apply  )     (  Cancel  ) 


I  FIGURE  1.28  1 D  dual-pane  Subdomain  Settings  Physics  window  settings,  right  pane 
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Croups 


Croup:   

f~1  Select  by  group 
[J  Interior  boundaries 


Boundary  sources  and  constraints 

Boundary  condition:     Thermal  insulation  j| 


4a 

h 

Tl„! 

Tan«, 
T„ 


Value/Expression 


Description 

Inward  heat  flux 

Heal  transfer  coefficient 
External  temperature 
Problem-dependent  constant 
Ambient  temperature 
Temperature 


(    Help    )     (   Apply   )     (  Cancel  ) 


I  FIGURE  1.29  1D  dual-pane  Boundary  Settings  window 


Now  select  "4"  in  the  Boundary  Settings  Boundary  selection  window.  Select 
"Heat  flux"  as  the  Boundary  condition.  Enter  15  in  the  Heat  transfer  coefficient  win- 
dow (h).  Enter  T_out  in  the  External  temperature  window  (Tinf).  Enter  T_out  in  the 
Ambient  temperature  window  (Tamb).  Click  the  Apply  button.  Figure  1.31  shows  the 
filled-in  Boundary  Settings  window  for  boundary  4.  Click  OK. 


n  (kVT)  -  q0  -r  htT^-T)  ♦  CunslfT^4  -T*> 
Croups 


Color  1_ 


Boundary  selection 


Croup:   
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Q  Interior  boundaries 


Boundary  sources  and  constraints 


Boundary  condition: 

Heat  llux 

Ouantity 

Value/Expressi 

>n  Unit 

Description 

lo 

W/m2 

Inward  heat  flux 

h 

15 

W/lrn2 

*J    Heat  transfer  coefficient 

Ti„! 

T  in 

External  temperature 

roiKt 

K*>  Problem-dependent  constant 

0 

W/(m2 

Tart 

Tjn 

! K 

Ambient  temperature 

To 

0 

K 

Temperature 

(    Help    )     (  Apply  )     (  Cancel  ) 

I  FIGURE  1.30  Filled-in  1 D  dual-pane  Boundary  Settings  window  for  boundary  1 


Chapter  1    Modeling  Methodology 


Equation 

n  •  (kVT)  -  q0  +  h(Tjn(  -  Tl  +  Const(TJn)b4  -  T4) 


Croup 

Select  by  group 
Interior  boundaries 


Boundary  sources  and  constraints 


Boundary  condition:  I   Hea(  flm 


"0 
h 

Const 

Tamb 


Value/Expression  Unit 


Description 

W/m2        Inward  heat  flux 

W/(m2  K>   Heat  transfer  coefficient 
u 

External  temperature 

W/(m2  K4)  Problem-dependent  constant 

K  Ambient  temperature 

jr 

Temperature 


(    Help    )     (   Apply  )     <  Cancel  ^     (     OK  ) 


I  FIGURE  1.31  Filled-in  1 D  dual-pane  Boundary  Settings  window  for  boundary  4 


note^  At  this  point,  a  new  modeler  probably  wonders  why  no  conditions  have  been 
specified  for  boundaries  2  and  3 .  The  COMSOL  Multiphysics  software  default  condition 
is  to  automatically  establish  continuity  for  interior  boundaries.  The  numbers  for 
boundaries  2  and  3  are  grayed  out  to  indicate  that  they  are  not  available  for  setting.  The 
default  boundary  settings  can  be  overridden,  if  needed,  by  the  advanced  modeler  by 
clicking  the  Interior  boundaries  check  box  to  make  boundaries  2  and  3  accessible. 

Once  all  the  Subdomain  Settings  and  the  Boundary  Settings  for  this  model  have 
been  either  chosen  or  entered,  the  next  step  is  to  mesh  the  model.  In  this  simple  model, 
all  the  modeler  needs  to  do  is  use  the  menu  bar  and  Select  "Initialize  Mesh."  Figure  1 .32 
shows  the  initial  mesh  with  16  elements. 

The  mesh  will  be  refined  twice  to  improve  the  resolution.  All  the  modeler  needs 
to  do  is  use  the  toolbar  and  select  Refine  Mesh  >  Refine  Mesh.  The  refined  mesh  of 
the  dual-pane  model  now  contains  the  64  elements  shown  in  Figure  1 .33 ,  rather  than 
the  original  16  elements  shown  in  Figure  1.32. 

For  this  model,  the  software  will  be  allowed  to  automatically  select  the  Solver  and 
Solver  Parameters.  To  solve  this  model,  go  to  the  menu  bar  and  select  Solve  >  Solve 
Problem.  The  solution  is  found  almost  immediately,  in  0.317  second  (the  time  to  solu- 
tion will  vary,  depending  on  the  platform).  The  solution  is  plotted  using  the  default 
Postprocessing  values  and  is  shown  in  Figure  1.34. 
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I  FIGURE  1.32  1 D  dual  -pane  window  with  air  gap  with  initialized  mesh 


note^  The  implicit  assumption  here  would  be  that  the  default  values  in  the 
Postprocessing  window  are  the  correct  values  that  the  modeler  needs  to  plot  the  calculated 
results  of  the  built  model.  Specifically,  that  assumption  in  general  will  not  be  true.  The 
modeler  needs  to  know  before  building  a  new  model  what  the  approximate  expected 
resultant  values  are  for  the  particular  properties  of  the  materials  selected  for  use  in  the 
model .  A  firm  understanding  of  the  basic  physics  involved  and  the  appropriate  conservation 
laws  that  apply  to  the  model  are  required  for  analysis,  understanding,  and  configuration  of 
the  Postprocessing  presentation(s). 


The  plot  presentation  is  changed  as  follows:  Select  Postprocessing  >  Plot  Parameters 
from  the  menu  bar.  When  the  Plot  Parameters  window  shown  in  Figure  1.35  appears, 
select  "Line"  (Figure  1.36)  and  then  "°F  (degF)"  from  the  Unit  pull-down  bar 
(Figure  1.37).  Select  "Use  expression  to  color  lines."  Click  the  Color  Expression  button 


I  FIGURE  1.33  1D  dual-pane  window  with  air  gap  with  refined  mesh 
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I  FIGURE  1.34  1 D  dual-pane  window  solution  plotted  using  default  values 


Line      Max/Min  Animate 


Plot  type 
M  Line 

Max/min  marker 
M  Geometry  edges 


Solution  to  use 

Solution  at  time: 
Time: 


Solution  at  angle  (phase):  0 


degrees 


Geometries  to  use 


Element  refinement:      Auto  i 
Plot  in:  \  Main  axes  1-^  n  Keep  current  plot 
(  Smoothing...  )    (      Title...  ) 
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I  FIGURE  1.35  1 D  dual  -pane  Plot  Parameters  General  window 
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I  FIGURE  1.36  1D  dual-pane  Plot  Parameters  Line  window 
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I  FIGURE  1.37  1D  dual-pane  window  solution  set  to  use  °F 
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-c 
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3  Line  plot 
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Expression:  |t 
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Color  [ 
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(    Help    )    (  Apply  )    (  Cancel  ) 


I  FIGURE  1.38  1 D  dual-pane  window  solution  set  to  use  Color  Expression 


(Figure  1.38).  Select  "°F  (degF)"  from  the  Unit  pull-down  bar  (Figure  1.39).  Click  OK, 
and  then  click  OK  again.  The  plot  presentation  will  be  rendered  as  shown  in  Figure  1 .40. 

Dual-Pane  Analysis  and  Conclusions 

The  ID  dual-pane  window  model,  though  simple,  reveals  several  fundamental  factors 
about  the  physics  of  heat  flow  through  the  dual-pane  window.  The  interior  tempera- 
ture T_in  was  established  at  70  °F,  as  in  the  single-pane  model.  The  exterior  temper- 
ature T_out  was  established  at  0  °F,  as  in  the  single-pane  model.  The  calculated 
temperature  at  the  midpoint  of  the  single  pane  is  the  median  value  of  the  interior  and 
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I  FIGURE  1.39  1 D  single-pane  window  solution  set  to  use  °F 
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I  FIGURE  1.40  1D  dual-pane  window  solution  plotted  using  °F  and  Color  Bar 

exterior  temperatures,  35  °F.  The  temperature  difference  between  the  inner  surface 
of  the  left  pane  and  the  outer  surface  of  the  left  pane  is  approximately  0.48  °F.  The 
temperature  difference  between  the  inner  surface  of  the  right  pane  and  the  outer  sur- 
face of  the  right  pane  is  also  approximately  0.48  °F.  The  temperature  difference 
between  the  inner  surface  and  the  outer  surface  of  the  dual-pane  window  is  approxi- 
mately 53  °F,  as  compared  to  approximately  2  °F  for  the  single-pane  window. 

The  temperature  difference  between  the  air  in  the  heated  room  (70  °F)  and  the  interior 
surface  (61 .5  °F)  of  the  dual-pane  window  is  approximately  8.5  °F.  This  small  temperature 
difference  will  result  in  some  heat  loss  and  minimal  water  vapor  condensation  (fogging). 

Compare  the  result  for  the  dual-pane  window  to  that  of  the  single-pane  window. 
The  temperature  difference  between  the  air  in  the  heated  room  (70  °F)  and  the  interi- 
or surface  of  the  single-pane  window  (35.9  °F)  is  approximately  34  °F.  This  temper- 
ature difference  between  the  ambient  temperature  and  the  single-pane  window  will  at 
least  result  in  water  vapor  condensation  (fogging)  and  heat  loss  to  the  exterior. 

1D  Triple-Pane  Heat  Flow  Model 

This  ID  model  explores  the  physics  of  a  triple-pane  window  with  an  air  space  between 
each  pair  of  panes.  This  model  is  parametrically  similar  to  the  single-pane  and  dual- 
pane  models  for  ease  of  comparison  of  the  modeling  results. 
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1  Name 

Expression 

Value 

Description 

F| 

T.in 

70[degF) 

294.261111[K) 

Interior  Temperature  , 

T  out 

OldeaFl 

255.372222[K] 
1.01325e5|Pa] 

Exterior  Temperature 

P 

lUtm] 

i  1 

* 

Apply  j  (Cancel 

I  FIGURE  1.41  1D  triple-pane  Constants  specification  window 


Run  the  COMSOL  Multiphysics  application.  Select  "New"  and  then  "ID"  in  the 
Model  Navigator.  Select  COMSOL  Multiphysics  >  Heat  Transfer  >  Conduction  > 
Steady-state  analysis.  Click  the  OK  button. 

After  the  ID  workspace  appears,  use  the  menu  bar  to  select  Options  >  Constants. 
Import  the  file  ModelOC_lD_WPl.txt  saved  earlier.  To  import  this  file,  click  on  the 
Folder  icon  in  the  lower- left  corner  of  the  Constants  window.  These  imported  entries, 
as  shown  in  Figure  1.41,  define  the  Interior  Temperature,  the  Exterior  Temperature, 
and  the  air  pressure  for  use  in  this  model  and  the  models  to  follow. 

Modeling  a  triple-pane  window  requires  that  five  lines  be  drawn  in  the  workspace 
window.  The  drawn  lines  represent  the  left  (first)  pane,  the  first  air  space,  the  center 
(second)  pane,  the  second  air  space,  and  the  right  (third)  pane,  respectively.  Use  the 
toolbar  to  draw  the  first  line:  Select  Draw  >  Specify  Objects  >  Line.  Enter  0.000  space 
0.005  in  the  window.  Leave  the  default  Polyline,  and  then  click  the  OK  button.  Next, 
use  the  menu  bar  to  draw  the  remaining  four  lines,  as  indicated  in  Table  1.2.  Then, 
click  the  Zoom  Extents  icon  in  the  toolbar.  The  finished  workspace  configuration  is 
shown  in  Figure  1.42. 


Table  1.2    Triple-Pane  Window  Workspace  Lines 


Line 

Start 

1 

0.000 

0.005 

2 

0.005 

0.015 

3 

0.015 

0.020 

4 

0.020 

0.030 

5 

0.030 

0.035 
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I  FIGURE  1.42  1 D  triple-pane  workspace  after  clicking  the  Zoom  Extents  icon 


Next,  using  the  menu  bar,  select  Physics  >  Subdomain  Settings.  Once  the 
Subdomain  Settings  window  appears,  select  "1"  in  the  Subdomain  selection  window. 
For  this  model,  select  Load  >  Basic  Materials  Properties  >  Silica  Glass.  Click  OK  (see 
Figure  1.43).  Enter  the  remaining  Subdomain  Settings  as  shown  in  Table  1.3. 


I  FIGURE  1.43  1D  tripl  e-pane  Subdomain  Settings  Physics  window  settings 
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I  Table  1.3     Triple-Pane  Window  Subdomain  Settings 


Subdomai 

'  ext 

"^"ambtrans 

1 

Silica  glass 

T_in 

TJn 

2 

Air 

Tjn 

Tjn 

3 

Silica  glass 

TJn 

Tjn 

4 

Air 

Tjn 

Tjn 

5 

Silica  glass 

T_out 

T_out 

Table  1.4     Subdomain  Settings,  Initial  Conditions 


Subdomain 

1 

2 

3 

4 

5 

Init  Setting 

T_in 

T_in 

Tjn 

Tjn 

T_OUt 

Next,  set  the  initial  conditions  for  each  subdomain  (1,  2,  3,  4,  5)  by  clicking  the 
Init  button  and  then  entering  the  initial  conditions  shown  in  Table  1 .4.  See  Figure  1 44. 

Having  configured  the  Subdomain  Settings  for  this  model,  the  modeler  needs  to 
enter  the  appropriate  Boundary  Settings.  Using  the  menu  bar,  select  Physics  > 
Boundary  Settings.  The  Boundary  Settings  window  appears,  as  shown  in  Figure  1 .45. 


I  FIGURE  1.44  1 D  tripl  e-pane  Subdomain  Settings  Init  window  settings 
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Croups 


Croup:   

f~1  Select  by  group 
Q  Interior  boundaries 


Color  \_ 


Boundary  sources  and  constraints 
Boundary  condition:  ,..„,.,,.. 


Value/Expression 


% 

h 

Tinf 
Tan* 


Description 

Inward  heat  flux 

Heal  transfer  coefficient 
External  temperature 
Problem-dependent  constant 
Ambient  temperature 
Temperature 


(    Help    )     (  Apply  )     (  Cancel  ) 

I  FIGURE  1.45  Blank  1 D  tripl  e-pane  Boundary  Settings  window 


Once  the  Boundary  Settings  window  appears,  select  "1"  in  the  Boundary  selec- 
tion window.  Select  "Heat  flux"  as  the  Boundary  condition.  Enter  15  in  the  Heat 
transfer  coefficient  window  (h).  Enter  T_in  in  the  Ambient  temperature  window 
(Tinf).  Enter  T_in  in  the  External  temperature  window  (Tamb).  Click  the  Apply  button. 
Figure  1 .46  shows  the  filled-in  Boundary  Settings  window  for  boundary  1 .  Fill  in  the 


n-(kVT)  =  u,fl  t  l'<Tjn(-T)  +  CunslfTinA4  -T*) 


Croups 


Boundary  selection 


Boundary  sources  and  constraints 
Boundary  condition:  |  Healflux 


Value/Expression 


1o 
h 

Ti„f 
rnn*r 

T„ 


Unit  Description 

Wm2  Inward  heat  (lux 

w/lm3  K)    Heat  transfer  coefficient 
External  temperature 

w/tm2  K4)  problem-dependent  constant 
Ambient  temperature 

K 

Temperature 


(    Help    )     (  Apply   )     (  Cancel  ) 

I  FIGURE  1.46  Filled-in  1D  tripl  e-pane  Boundary  Settings  window  for  boundary  1 
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Table  1.5    Boundary  Settings 


Boundary 

1 

2 

3 

4 

5 

6 

condition 

Heat  flux 

* 

# 

# 

* 

Heat  flux 

h 

15 

# 

# 

* 

15 

Tin, 

TJn 

# 

# 

# 

T_out 

Tamb 

TJn 

# 

# 

T_out 

"Do  not  alter  the  default  setting. 

remaining  Boundary  Settings  as  shown  in  Table  1 .5 .  Click  the  Apply  button  after 
each  entry,  and  click  OK  at  the  end  of  the  process. 

note^  At  this  point,  as  mentioned  in  the  discussion  of  the  dual-pane  window  model, 
no  conditions  are  specified  for  boundaries  2,  3,4,  and  5,  because  the  COMSOL 
Multiphysics  software  default  condition  is  to  automatically  establish  continuity  for 
interior  boundaries .  The  numbers  for  boundaries  2,3,4,  and  5  are  grayed  out  to  indicate 
that  they  are  not  available  for  setting.  The  default  boundary  settings  can  be  overridden, 
if  needed,  by  the  advanced  modeler. 

Once  all  the  Subdomain  Settings  and  the  Boundary  Settings  for  this  model  have 
been  either  chosen  or  entered,  the  next  step  is  to  mesh  the  model.  In  this  model,  all  the 
modeler  needs  to  do  is  use  the  toolbar  and  select  "Initialize  Mesh."  Figure  1 .47  shows 
the  initial  mesh  with  16  elements. 

To  improve  the  resolution,  the  mesh  will  be  refined  twice.  All  the  modeler  needs 
to  do  is  use  the  menu  bar  and  select  Refine  Mesh  >  Refine  Mesh.  The  refined  mesh  of 
the  triple-pane  model  now  contains  the  64  elements  shown  in  Figure  1 .48 ,  rather  than 
the  original  16  elements  shown  in  Figure  1.47. 


I  FIGURE  1.47  1 D  triple-pane  window  with  air  gaps  with  initialized  mesh 
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I  FIGURE  1.48  1D  triple-pane  window  with  air  gaps  with  refined  mesh 

For  this  model,  the  software  will  be  allowed  to  automatically  select  the  Solver  and 
Solver  Parameters.  To  solve  this  model,  go  to  the  menu  bar  and  select  Solve  >  Solve 
Problem.  The  solution  is  found  almost  immediately,  in  0.346  second  (the  length  of 
time  to  solution  will  vary  depending  on  the  platform).  The  solution  is  plotted  using  the 
default  Postprocessing  values  and  is  shown  in  Figure  1.49. 


I  FIGURE  1.49  1 D  triple-pane  window  solution  plotted  using  default  values 
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I  FIGURE  1.50  1 D  triple-pane  window  solution  plotted  using  °F  and  Color  Bar 


note^  As  noted  earlier  in  the  solutions  of  the  single-pane  and  dual-pane  models,  the 
postprocessing  parameters  need  to  be  altered  to  reveal  the  most  information  at  a  glance. 

The  plot  presentation  is  changed  as  follows:  Select  Postprocessing  >  Plot 
Parameters  from  the  menu  bar.  When  the  Plot  Parameters  window  appears,  select 
"Line"  and  then  "°F  (degF)"  from  the  Unit  pull-down  bar.  Select  "Use  expression  to 
color  lines."  Click  the  Color  Expression  button.  Select  "°F  (degF)"  from  the  Unit  pull- 
down bar.  Click  OK  and  then  click  OK  again.  The  plot  presentation  will  be  rendered 
as  shown  in  Figure  1.50. 

Triple-Pane  Analysis  and  Conclusions 

The  ID  triple-pane  window  model  reveals  several  fundamental  factors  about  the 
physics  of  heat  flow  through  the  triple-pane  window.  The  interior  temperature  T_in 
was  established  at  70  °F,  as  in  the  single-pane  and  dual-pane  models.  The  exterior 
temperature  T_out  was  established  at  0  °F,  as  in  the  single-pane  and  dual-pane  models. 
The  temperature  difference  between  the  inner  surface  and  the  outer  surface  of  the  three 
different  window  types  are  compared  as  shown  in  Table  1.6. 

The  temperature  difference  between  the  air  in  the  heated  room  (70  °F)  and  the 
interior  surface  of  the  triple-pane  window  (65.2  °F)  is  approximately  4.8  °F.  This 


Table  1.6 


First  Principles  Applied  to  Model  Definition 
Comparison  of  Single-,  Dual-,  and  Triple-Pane  Windows 


Single           Dual  Triple 

At  (°f)  : 

2 

53 

60 

across  all  panes 

At  (°f)  : 

34 

8.5 

4.8 

inner  pane  surface 

to  room  ambient  temperature 

minimal  temperature  difference  will  result  in  little  heat  loss  and  little,  if  any,  water 
vapor  condensation  (fogging). 

Comparing  the  results  for  the  three  different  window  configuration  models 
shows  that  there  will  be  a  large  reduction  in  heat  loss  and  annoyance  factors  (con- 
densation) associated  with  a  change  from  a  single-pane  window  to  a  dual-pane  win- 
dow design.  The  incremental  cost  of  such  a  design  change  would  typically  be  less 
than  100%.  However,  adding  the  third  pane  to  the  window  design  reduces  the  heat 
loss  by  only  a  few  percentage  points  and  adds  little  to  the  cosmetic  enhancement  of 
the  design  (lack  of  fogging) . 

note^  One  of  the  basic  reasons  for  modeling  potential  products  is  to  evaluate  their 
relative  performance  before  the  actual  building  of  a  first  experimental  physical  model. 
Comparison  of  these  three  window  models  allows  such  a  comparison  to  easily  be  made 
on  a  "first  principles"  basis ,  which  will  be  discussed  in  the  following  section  of  this 
chapter.  That  approach  is  known  as  the  "Model  first,  build  second"  approach  to 
engineering  design.  When  the  model  properly  incorporates  the  fundamental  materials 
properties  and  design  factors ,  both  the  time  and  the  cost  to  develop  a  fully  functional 
prototype  product  are  significantly  reduced. 


■  First  Principles  Applied  to  Model  Definition 

First  principles  analysis  is  an  analysis  whose  basis  is  intimately  tied  to  the  funda- 
mental laws  of  nature.  In  the  case  of  models  described  in  this  book,  the  modeler 
should  be  able  to  demonstrate  both  to  himself  or  herself  and  to  others  that  the  calcu- 
lated results  derived  from  those  models  are  consistent  with  the  laws  of  physics  and  the 
observed  properties  of  materials.  Basically,  the  laws  of  physics  require  that  what  goes 
in  (e.g.,  as  mass,  energy,  charge)  must  come  out  (e.g.,  as  mass,  energy,  charge)  or  must 
accumulate  within  the  boundaries  of  the  model. 
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note^  In  the  COMSOL  Multiphysics  software,  the  default  interior  boundary 
conditions  are  set  to  apply  the  conditions  of  continuity  in  the  absence  of  sources  (e.g., 
heat  generation,  charge  generation,  molecule  generation)  or  sinks  (e.g.,  heat  loss, 
charge  recombination,  molecule  loss). 

The  careful  modeler  will  be  able  to  determine  by  inspection  that  the  appropriate 
factors  have  been  considered  in  the  development  of  the  specifications  for  the  various 
geometries,  for  the  material  properties  of  each  subdomain,  and  for  the  boundary  con- 
ditions. He  or  she  must  also  be  knowledgeable  of  the  implicit  assumptions  and  default 
specifications  that  are  normally  incorporated  into  the  COMSOL  Multiphysics  soft- 
ware model,  when  a  model  is  built  using  the  default  settings. 

Consider,  for  example,  the  three  window  models  developed  earlier  in  this  chapter. 
By  choosing  to  develop  those  models  in  the  simplest  ID  geometrical  mode,  the 
implicit  assumption  was  made  that  the  heat  flow  occurred  in  only  one  direction.  That 
direction  was  basically  normal  to  the  surface  of  the  window  and  from  the  high  tem- 
perature (inside  temperature)  to  the  low  temperature  (outside  temperature) ,  as  shown 
by  the  heat  flow  indicator  in  Figure  1 .5 1 . 

That  assumption  essentially  eliminates  the  consideration  of  heat  flow  along  other 
paths,  such  as  through  the  window  frame,  through  air  leaks  around  the  panes,  and  so 
forth.  It  also  assumes  that  the  materials  are  homogeneous  and  isotropic,  and  that  there 
are  no  thin  thermal  barriers  at  the  surfaces  of  the  panes.  None  of  these  assumptions  is 
typically  true  in  the  general  case.  However,  by  making  such  assumptions,  it  is  possi- 
ble to  easily  build  a  first  approximation  model. 


Common  Sources  of  Modeling  Errors 


note^  A  first  approximation  model  captures  all  of  the  essential  features  of  the 
problem  that  needs  to  be  solved,  without  dwelling  excessively  on  minutiae.  A  good  first 
approximation  model  will  yield  an  answer  that  is  sufficiently  accurate  to  enable  the 
modeler  to  determine  whether  he  or  she  needs  to  invest  the  time  and  resources 
necessary  to  build  a  higher-dimensionality,  significantly  more-accurate  model. 


■  Common  Sources  of  Modeling  Errors 

There  are  four  primary  sources  of  modeling  errors:  insufficient  model  preparation 
time,  insufficient  attention  to  detail  during  the  model  preparation  and  creation  phase, 
insufficient  understanding  of  the  physical  and  modeling  principles  required  for  the 
creation  of  an  adequate  model,  and  lack  of  a  comprehensive  understanding  of  what 
defines  an  adequate  model  in  the  modeler's  context.  The  most  common  modeling 
errors  are  those  that  result  from  the  modeler  taking  insufficient  care  in  either  the  devel- 
opment of  model  details  or  the  incorporation  of  conceptual  errors  and/or  the  genera- 
tion of  keying  errors  during  data/parameter/formula  entry. 

not^^"  One  primary  source  of  errors  occurs  during  the  process  of  naming  variables. 
The  modeler  should  be  careful  to  never  give  the  same  name  to  his  or  her  variables  as 
COMSOL  gives  to  the  default  variables.  COMSOL  Multiphysics  software  seeks  a  value 
for  the  designated  variable  everywhere  within  its  operating  domain.  If  two  or  more 
variables  have  the  same  designation,  an  error  is  created.  Also,  it  is  best  to  avoid  human 
errors  by  using  uniquely  distinguishable  characters  in  variable  names  (i.e.,  avoid  using 
the  lowercase  "L,"  the  number  "1,"  and  the  uppercase  "I,"  which  in  some  fonts  are 
relatively  indistinguishable;  similarly,  avoid  the  uppercase  "O"  and  the  number  zero 
"0").  Give  your  variables  meaningful  names  (e.g.,  T_in,  T_out,  T_hot).  Also,  variable 
names  are  case  sensitive;  that  is,  T_in  is  not  the  same  as  T_IN. 


The  first  rule  in  model  development  is  to  define  the  nature  of  the  problem  to  be 
solved  and  to  specify  in  detail  which  aspects  of  the  problem  the  model  will  address. 
The  definition  of  the  nature  of  the  problem  should  include  a  hierarchical  list  of  the 
magnitude  of  the  relative  contribution  of  physical  properties  vital  to  the  functioning  of 
the  anticipated  model  and  their  relative  degree  of  interaction. 

note^  Examples  of  typical  physical  properties  that  are  probably  coupled  in  any 
developed  model  are  heat  and  geometrical  expansion/contraction  (liquid,  gas,  solid), 
current  flow  and  heat  generation/reduction,  phase  change  and  geometrical  expansion/ 
contraction  (liquid,  gas,  solid)  and/or  heat  generation/reduction,  and  chemical  reactions. 
Be  sure  to  investigate  your  problem  and  build  your  model  carefully. 
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Having  built  the  hierarchical  list,  the  modeler  should  then  estimate  the  best  phys- 
ical, least-coupled,  lowest-dimensionality  modeling  approach  to  achieve  the  most 
meaningful  first  approximation  model. 


■  Exercises 

1.  Build,  mesh,  and  solve  the  ID  single-pane  window  problem  presented  earlier  in 
this  chapter. 

2.  Build,  mesh,  and  solve  the  ID  dual-pane  window  problem  presented  earlier  in  this 
chapter. 

3.  Build,  mesh,  and  solve  the  ID  triple-pane  window  problem  presented  earlier  in 
this  chapter. 

4.  Add  a  fourth  pane,  and  build,  mesh,  and  solve  the  problem.  Analyze,  compare, 
and  contrast  the  results  with  the  results  of  Exercises  1,2,  and  3 . 


Materials  and  Databases 


In  This  Chapter 

Materials  and  Database  Guidelines  and  Considerations 
COMSOL®  Material  Library  Module:  Searchable  Materials  Library 
MatWeb:  Searchable  Materials  Properties  Website 
PKS-MPD:  Searchable  Materials  Properties  Database 


■  Materials  and  Database  Guidelines  and  Considerations 

Materials  selection  and  definition  are  the  most  important  tasks  performed  by  the  mod- 
eler during  the  preliminary  stages  of  model  building  preparation.  The  selection  of 
appropriate  materials  is  vital  to  the  ultimate  functionality  of  the  device  or  process 
being  modeled.  Once  the  modeler  has  decided  on  a  good  first  approximation  to  the 
device/process  being  modeled,  the  materials  selection  process  begins. 

note^  A  good  first  approximation  is  a  problem  statement  that  incorporates  all  the 
essential  (first-order)  physical  properties  and  functionality  of  the  device/process  to  be 
modeled. 

Not  all  properties  of  all  materials  are  or  can  be  incorporated  into  the  modeling 
process  at  the  same  time,  because  modeling  resources  (e.g.,  computer  memory, 
computer  speed,  number  of  cores)  are  limited.  It  is  important  that  the  modeler  start  the 
modeling  process  by  building  a  model  that  incorporates  the  most  critical  physical  and 
functional  aspects  of  the  developmental  problem  under  consideration. 

To  put  the  problem  in  perspective,  a  simple  search  of  the  Web  on  the  term  "mate- 
rials properties  database"  yields  approximately  48  million  hits.  Obviously,  the  model- 
er is  not  going  to  exhaustively  explore  all  such  links. 

note^  Exploration  of  any  given  subset  of  the  48  million  links  for  the  properties  of 
specific  materials  will  reveal  several  possible  standard  results:  (1)  those  links  do  not 
have  a  value  for  the  desired  material  property;  (2)  those  links  do  have  values  for  the 
desired  material  property,  but  in  unconventional  units  that  need  to  be  converted  and  then 


Chapter  2    Materials  and  Databases 


compared  for  relative  accuracy  and  reliability;  (3)  some  of  those  links  do  have  values 
for  the  desired  material  property,  in  the  desired  units,  that  need  to  be  compared  for 
relative  accuracy  and  reliability;  (4)  a  link  is  found  that  has  some  of  the  desired 
properties  for  a  particular  material,  but  not  all  of  the  needed  properties;  and  (5)  once 
found,  property  values  need  to  be  hand-copied  and  hand-entered  into  the  model.  In  any 
case,  many  hours  can  be  spent  trying  to  obtain  and  determine  accurate  values  for 
specific  properties  of  particular  materials. 

COMSOL®  Multiphysics®  software  and  the  associated  add-on  modules  include 
basic  materials  libraries.  The  information  contained  in  those  basic  materials  libraries 
may  easily  be  enhanced  by  the  addition  of  other  materials  properties  data  through  sev- 
eral different  means.  This  chapter  discusses  three  solutions  to  the  obtaining  and  sup- 
plying of  materials  properties  values  directly  to  COMSOL  Multiphysics  software 
models.  Each  of  these  three  solutions  approaches  the  problem  solution  from  a  differ- 
ent viewpoint,  with  the  same  desired  result— that  is,  supplying  the  modeler  with  the 
best  materials  properties  values  available  to  meet  the  modeler's  needs. 


■  COMSOL®  Material  Library  Module:  Searchable  Materials  Library 

The  COMSOL  Material  Library1  is  a  module  that  can  be  added  through  licensing  to 
the  basic  COMSOL  Multiphysics  software  package  to  expand  the  included  basic 
library.  The  COMSOL  Material  Library  Module  has  data  on  approximately  2500 
materials  including  elements,  minerals,  soil,  metal  alloys,  oxides,  steels,  thermal  insu- 
lators, semiconductors,  and  optical  materials,  at  the  minimum.  It  is  searchable  by 
name,  DIN,2  and  UNS3  numbers.  Each  material  can  have  a  maximum  of  27  defined 
properties.  Each  of  those  defined  properties  is  available  as  a  function  of  temperature. 

There  are  two  methods  to  gain  access  to  the  Material  Library.  The  first  method  is 
through  the  Options  menu.  This  path  can  be  used  to  screen  materials  in  advance  of 
building  a  model.  The  second  method  is  through  the  Load  button  on  the  Subdomain 
Settings  page.  This  path  incorporates  the  materials  into  the  model  library.  Once  the 
Material  Library  Module  has  been  activated,  the  technique  for  using  the  library  is  the 
same.  In  this  example,  the  Options  menu  route  is  used: 

1 .  Activate  the  COMSOL  Multiphysics  application. 

2.  Select  COMSOL  Multiphysics  >  Heat  Transfer  >  Convection  and  Conduction  > 
Steady-state  analysis.  See  Figure  2.1. 

3.  Click  OK. 

4.  Select  Options  >  Materials/Coefficients  Library.  See  Figure  2.2. 

The  modeler  can  determine  if  the  items  in  the  Material  Library  Module  are  avail- 
able by  viewing  the  list  in  the  Materials  selection  window.  The  first  entry  in  the 
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I  FIGURE  2.1   Model  Navigator  window 


►  Model  (O) 

►  Material  Library  (2542) 

►  Basic  Material  Properties  (31) 
Liquids  and  Cases  (39) 
MEMS  Material  Properties  (33) 
Heat  Transfer  Coefficients  (8) 
Electric  (AC/DC)  Material  Proper 
Piezoelectric  Material  Properties 
User  Defined  Materials  (1) 


(     Delete  ~) 


(       )  c 


Add  Library... 


erial  properties 


Enable  individual  settings 


13 


(J  Hide  undefined  properties 


(   More  into"')     (        Wot  ) 


(    H«'P    )    (  Appty   )    (  cancel  )    (     UK  ) 

I  FIGURE  2.2  Materials/Coefficients  Library  search  and/or  selection  window 
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I  FIGURE  2.3  Materials/Coefficients  Library  Materials  selection  window 

Materials  selection  list  is  Model  (0) ,  which  indicates  that  none  of  the  materials  in  any 
of  the  libraries  have  been  selected  for  use  in  the  current  model.  The  second  entry  in 
the  Materials  selection  list  is  Material  Library  (2542);  it  indicates  that  2542  materials 
are  available  to  be  selected  for  use  in  the  current  model.  See  Figure  2.3. 

Suppose,  for  example,  the  modeler  is  interested  in  the  properties  of  copper  and 
copper  alloys.  He  or  she  would  follow  these  steps: 

1 .  Enter  "copper"  in  the  Search  string  window. 

2.  Click  the  Search  button.  The  search  results  show  87  possible  materials  are  in  the 
library.  See  Figure  2.4. 


I  FIGURE  2.4  Materials/Coefficients  Library  search  results 
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I  FIGURE  2.5  Materials/Coefficients  Library,  UNS  C10100  Material  properties  window 


3.  Select  Copper  Alloys  (84)  >  UNS  CIOIOO.  The  UNS  CIOIOO  is  what  is  known  as 
oxygen-free  copper.4  This  high-quality  copper  is  widely  used  in  the  electronics 
industry.  The  properties  of  UNS  CIOIOO  are  shown  in  the  Material  properties 
display  window.  See  Figure  2.5. 

4.  To  see  only  the  defined  properties,  check  the  Hide  undefined  properties  check 
box.  See  Figures  2.6  and  2.7. 

A  similar  process  can  be  followed  for  other  material  choices. 


■  MatWeb:  Searchable  Materials  Properties  Website 

MatWeb5  is  an  online  searchable  subscription  materials  properties  data  source.  MatWeb 
has  69,000  data  sheets  for  materials  that  include  plastics,  metals,  ceramics,  semicon- 
ductors, fibers,  and  various  other  commercially  available  materials.  See  Figure  2.8. 

MatWeb  has  three  classes  of  access:  Un-Registered  (free  limited  feature  access), 
Registered  Member  (free  expanded  feature  access),  and  Premium  Member  (fee-based 
access  to  all  features,  plus  selected  data  storage  and  modeling  software  formatted  data 
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I  FIGURE  2.6  Materials/Coefficients  Library,  UNS  C10100  defined  properties,  first  half 


I  FIGURE  2.7  Materials/Coefficients  Library,  UNS  C10100  defined  properties,  second  half 
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MatWeb,  Your  Source  for  Materials  Information 

Whet  i>  MatWeb?  MetWob's  eearcheble  database  of  material  properties  includes  data  sheets  of  Ihemwptostic  and  Ihermoset  polymers  such  as 
ABS  nylon,  polycarbonate,  polyester,  polyethylene  and  polypropylene:  metals  such  as  aluminum,  cobalt,  copper,  lead,  magnesium,  nickel,  steel. 

I  FIGURE  2.8  MatWeb  site,  home  page 


MatWeb  Feature 

Un-Registcred 

Registered 

-  View  *rry  of  MalWebs  69.000  Data  Sheets  For  FREE 

■Ml 

Basic  Search  Engines 

wmmmm 

Key  Word  or  Phrase                     Motel  Composition  Manufacturer 
■  Property.  Metric  or  English  Units    -Material  Type          -  Trade  Name 

UD  to  1000  results 

Up  to  tSOO  results 

Ud  to  2000  results 

Advanood  Search  Engjnc 

■J 

■■■a 

-  Combines  Text.  Category,  Property,  and  Composition  Searches 

Search  or  up  to 
3  criteria  at  a  tmo 

Search  or  oo  to 
10cr<eriaataurnc 

View  Property  Data  In  Search  Results 

V 

V 

Sort  Search  Results 

V 

Sort  by  Matoriot  Namo  and  Property  Data  in  Search  Results 
-  Ascending  Value.  Descending  Value,  or  Alphabetical  by  Name 

Sort  or  ary  of  first 
3  rumercai  criteria 

V 

-  Organ™  Ynur  Mnst-Refemnr.ert  Materials 

-  Add.  Edit,  and  Delete  Matenal  folders 

Save  up  to  1 
Meteml  Fetter 

Sav«  up  to  10 

Ltifiunl  ITnMAri 
r.TJ.tjrl3!  t-  otrjorc 

•1 

■■■■Hi 

-  Slde-By-Slde  Comparison  of  Material  Property  Data 

-  Graph  Property  Value  vs  Material  for  any  Property 

3  Data  Sheets 
per  Folder 

20  Data  Shoots 
per  Folder 

■  Streamline  Search  Results  by  Omitting  Discontinued  Data  Sheets 

■■■■ 

■  Export  Materials  to  CSV/Excel  format. 

-  Export  Data  Sheets  to  a  SolidWorks/COSMOSWorxs  Librarv 

-  Export  Dolo  Shells  to  the  ALOOR  Library  Format 

Export  Data  Sheets  to  a  NEiWorks  Library 

Export  Dots  Sheets  in  the  ANSYS  Format 

-  Export  Data  Sheets  in  the  PlassoToeh  3C  Author  Format 

-  Unit  Converter  With  Over  150  Units  of  Measure 
■  Basic  Weight  Calculator 

■  Hardness  Converter      -  Moment  of  Inertia  Calculator 
•  Searctiaole  Glossary     -  Advanced  Welgtil  Calculator 

I  FIGURE  2.9  MatWeb  membership  level  features  comparison  page 


export) .  All  features  of  the  following  example  can  be  ran  (for  free)  as  a  Registered 
user,  except  for  the  export  feature.  To  export  the  selected  data,  the  modeler  needs  to 
acquire  a  Premium  membership.  See  Figure  2.9. 

The  following  example  shows  the  results  of  a  Premium  membership  search. 

1 .  After  login,  select  "Metal  UNS  Number"  on  the  login  home  page.  See  Figure  2.10. 

2.  The  Web  page  is  shifted  to  the  Metal  Alloy  UNS  Number  Search  page.  See 
Figure  2.11. 


I  FIGURE  2.10  MatWeb  selection  search  types,  login  home  page 
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°  Metal  Alloy  UNS  Number  Search 


(  uns  S13800  :  ^jnu 

I  FIGURE  2.11  MatWeb  Metal  Alloy  UNS  Number  Search  selection  page 

3.  Select  "UNS  C10100"  from  the  A  to  D  drop-down  list.  See  Figure  2.12. 

4.  Click  the  FIND  button  to  the  right  of  the  selected  material  number.  The  search  has 
found  22  data  sheets  for  UNS  C10100  (oxygen-free  electronic-grade  copper);  see 
Figure  2.13. 

5 .  Using  the  Task  pull-down  list  in  the  menu  bar,  create  a  folder  named  Copper. 

6.  Select  item  1.  See  Figure  2.14. 

7.  Select  "Export  to  COMSOL"  from  the  task  list  in  the  menu  bar.  The  available 
properties  values  for  UNS  CIO  100  are  exported  as  a  text  file  to  the  modeler's 
computer.  See  Figure  2.15. 

The  exported  file  can  be  directly  imported  into  COMSOL  Multiphysics  as  follows: 

1 .  Open  COMSOL  Multiphysics  in  the  application  mode  of  choice. 

2.  Using  the  menu  bar,  select  Options  >  Materials/Coefficients  Library. 

3 .  Click  the  Add  Library  button. 

There  are  many  other  features  available  to  the  Premium  Member  at  the  MatWeb 
website.  Those  features  can  be  explored  at  the  modeler's  convenience. 


I  FIGURE  2.12  MatWeb  Metal  Alloy  UNS  C1 01 00  selection 
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I  FIGURE  2.13  MatWeb  search  results  for  UNS  C10100  (oxygen-free  electronic-grade  copper) 


I  FIGURE  2.14  MatWeb  selection  of  UNS  C101 00  (oxygen-free  electronic-grade  copper) 
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I  FIGURE  2.15  MatWeb  properties  of  UNS  CI 01 00  (oxygen-free  electronic-grade  copper) 


■  PKS-MPD:  Searchable  Materials  Properties  Database 

PKS-MPD  (Pry or  Knowledge  Systems-Materials  Properties  Database)6,7  is  a  search- 
able materials  properties  database  with  data  on  more  than  4000  materials,  including  ele- 
ments, minerals,  soil,  metals,  metal  alloys,  oxides,  steels,  thermal  insulators, 
semiconductors,  optical  materials,  and  biomaterials  (tissue).  Each  material  can  have  a 
maximum  of  43  defined  properties.  Each  of  those  defined  properties  is  associated  with 
the  temperature  of  measurement  and  the  frequency  of  measurement,  as  available.  The 
collection  of  defined  properties  for  each  materials  property  datum  is  exportable  in  a  for- 
mat suitable  for  the  COMSOL  Multiphysics  software. 

The  PKS-MPD  selection  page,  on  first  use,  requires  that  the  modeler  choose  the 
version  of  COMSOL  Multiphysics  software  in  use  to  correctly  format  the  export  files 
(the  COMSOL  Multiphysics  version  selection  choice  remains  as  chosen  until  later 
changed).  See  Figure  2.16. 

Using  the  same  example  material  as  previously,  UNS  CIO  100  (oxygen-free 
electronic-grade  copper),  the  selection  criteria  can  be  entered  by  at  least  two  different 
paths.  To  use  the  first  path: 

1.  Click  the  Composition  tab  and  select  Copper  (Cu)  from  the  pull-down  list. 
See  Figure  2.17. 

2.  Click  the  Add  to  Search  button.  See  Figure  2.18. 

The  Selection  Criteria  window  shows  that  the  search  yields  440  possible  copper- 
containing  candidate  materials.  Because  oxygen-free  electronic-grade  copper  is  known 
to  be  very  pure,  the  search  can  be  narrowed  by  adding  a  specification  of  the  composi- 
tional percentage  of  Cu  to  the  search. 

1 .  Select  Copper  (Cu)  from  the  element  pull-down  list. 

2.  Check  the  Specify  percentage  range  check  box. 

3.  Enter  Min.  =  99.9andMax.  =  100  in  the  appropriate  edit  windows.  See  Figure  2.19. 

4.  Click  the  Add  to  Search  button.  See  Figure  2.20. 


PKS-MPD:  Searchable  Materials  Properties  Database 
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I  FIGURE  2.17  PKS-MPD  Composition  selection  page  for  Copper  (Cu) 
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I  FIGURE  2.18  PKS-MPD  Composition  selection  added  page  for  Copper  (Cu) 
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I  FIGURE  2.19  PKS-MPD  Composition  percentage  range  selection  page  for  Copper  (Cu) 
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I  FIGURE  2.20  PKS-MPD  Composition  percentage  range  selection  added  page  for  Copper  (Cu) 

The  Selection  Criteria  window  shows  that  the  search  yields  three  possible  copper 
candidate  materials.  Click  the  Print  Materials  button  to  view  the  candidate  materials 
and  optionally  print  a  data  sheet.  See  Figure  2.21 . 

The  remaining  materials  candidates  are  Copper;  Copper  (UNS  CIO  100);  and 
Copper  Alloy,  pure  copper,  UNS  C10200. 

1 .  Select  "Copper  (UNS  C10100)."  See  Figure  2.22. 

2.  Double-click  the  selection  to  view  the  properties  data  for  the  candidate  material(s) . 
See  Figure  2.23. 

3.  Click  the  Accept  button  (far  right,  check-marked  button). 

4.  Close  the  selection  window. 

5 .  Click  OK  on  the  Page  Setup  window. 

6.  Select  Print  Preview.  See  Figures  2.24  and  2.25. 

7.  Click  either  the  Cancel  button  or  the  Print  button. 

8.  Click  the  Export  to  Model  SW  button. 
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I  FIGURE  2.21  PKS-MPD  Composition  materials  selection  page  for  Copper  (Cu) 


Select  materials  for  export  or  print  by  highlighting.  Double-click  an  Item  to  see  detailed  t 
Close  the  window  to  continue  orocessina. 
M«.r,„N,m.:  I  M«W,K:h.mSymbc4:  ' 

Cu 


Copper  Alloy,  pure  copper.  UNS  CI  0200 


I  FIGURE  2.22  PKS-MPD  Print  Materials  selection  page  for  Copper  (UNS  C1 0100) 


PKS-MPD:  Searchable  Materials  Properties  Database 


I  FIGURE  2.23  PKS-MPD  Materials  selection  Properties  display  page  for  Copper  (UNS  C1 01 00) 
9.  Select  "Copper  (UNS  CIO  100)."  See  Figure  2.26. 

10.  Double-click  "Copper  (UNS  CIO  100)"  to  verify  the  candidate  material  selection 
choice.  See  Figure  2.27. 

1 1 .  Click  the  Accept  button  (far  right,  check-marked  button) . 

12.  Close  the  selection  window.  See  Figure  2.28. 

13.  Click  Yes. 

14.  Enter  Copper  (UNS  C 10100)  in  the  Material  Library  Name  Request  window  (to 
provide  a  name  for  the  entry  in  the  export  log) . 

15.  Click  OK.  See  Figure  2.29. 


note^  In  the  case  where  the  material  property  is  measured  under  different  conditions 
(e.g.,  temperature,  frequency),  the  modeler  must  choose  which  value  he  or  she  wishes 
to  export  for  use  with  the  material. 
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Material  Name  :      Copper  (UNS  CI  01 00) 

Formula  :Cu+  CAS  Reg.  No.  : 


Property  /  Comments 

Thermal  expansion  coeff.  (alpha) 
At  20-300  degC  (68-570  degF) 
for  ceramic-to-metal  seals. 

Symbol/ 

alpha 

TO  Min 

293.15 

1.7700e-5 
573.15 

1/K 
K 

Yield  Strength 

At  20-300  degC  (68-570  degF) 
for  ceramic  to  metal  seals. 

Ys_pks 

293.15 

6.9000er7 
573.15 

Pa 
K 

Tensile  Strength  (Syt) 

At  20-300  degC  (G8-570  degF) 

for  ceramic -to-metal  seals. 

Syt 

293.15 

2.2000e*8 
573.15 

Pa 
K 

Elongation  modulus 

At  20-300  degC  (68-570  degF) 

for  ceramic-to-metal  seals. 

293.15 

45.0 
573.15 

% 
K 

Young's  modulus  (E) 

At  20-300  degC  (68-570  degF) 

for  ceramic- to- metal  seals. 

E 

293.15 

1.1500e-l  1 
573.15 

Pa 
K 

Density  (rho) 

Density  may  depend  rnnsidprahly 
on  previous  treatment. 

rho 

8,960.0 

kg/mM 

Boiling  Point 

bpTjks 

2.868.15 

K 

Heat  Capacity  (C) 

C 

380.0 

JAkg-K) 

Heat  of  fusion 

ih_pks 

2. 1  1 85e^5 

J/kg 

Thermal  expansion  coeff.  (alpha) 

alpha 

1.6500e-5 

1/K 

Thermal  conductrvity  (k) 
+/-  0.005  cal/cmA2/cm/5/K 

k 

393.9779 

W/(m'K) 

Electrical  Resistivity  (res) 
At20degC(68degF). 

res 

293.15 

1.6730e-8 
293.1  S 

ohm-m 
K 

tiectncai  Lonoucuvity  (s<gma,j 
At  20  degC  (68  degF).  Derived 
from  electneal  resistivity. 

agma 

293.15 

3.3/  f  3e-r/ 

293.15 

C/m 

a/m 

K 

Young's  modulus  (E) 

E 

Pa 

"      -  -  n  a 

wening  koioi 
♦/-  0.1  degC. 

mpT_pks 

1,356.15 

i 

Specific  gravity 

Denved  from  density  in  g/cm*3. 

8.96 

NONE 

Young's  modulus  (E) 

At  room  temperature  20  degC 

(CO  deqr). 

E 

293.15 

1.2800e»11 
293.15 

Pa 
K 

Shear  modulus  (Gxy) 

At  room  temperature  20  degC 

(68  deaf). 

Gxy 

293.15 

4.6800e~10 
293.15 

Pa 
K 

Poisson's  Ratio  (nu) 

At  room  temperature  20  degC 

(68  deoF). 

nu 

293.15 

3.0800e-l 
293.15 

NONE 
K 

Yield  Strength 

At  room  temperature  20  degC 
(CO  dear). 

Ys_pks 

293.15 

3.3300e+7 
293.1  S 

Pa 
K 

Page  1 


I  FIGURE  2.24  PKS-MPD  Material  Properties  Print  Preview  Page  1  for  Copper  (UNS  C1 01 00) 
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Property  /  Comments 

Tensile  Strength  (Syt) 

At  room  temperature  20  degC 

(68  deqF). 

Elongation 

At  room  temperature  20  degC 
(68  deqF). 


Symbol/TO  Min 

Syt 

293.1  5 


293.1  5 


Value/TO  Max 

2.0900e+8 
293.15 


33.3 
293.15 


% 
K 


UOM  /  TO  UOM 

Pa 
K 


Copper  (Cu) 


99.99 


99. 


.99 


Metal 

Metal,  Non-Ferrous 

 Alloy  

I  FIGURE  2.25  PKS-MPD  Material  Properties  Print  Preview  Page  2  for  Copper  (UNS  C1 01 00) 


I  FIGURE  2.26  PKS-MPD  Materials  selection  Properties  display  page  for  Copper  (UNS  C10100) 
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(UNSC1U10UJ 


riirk  the  Composition  tab  tor  a  list  of  the 
chemical  components  of  the  material. 

Click  the  Typei  tab  for  ■  list  of  the 
categories  assigned  to  the  material. 


formula:  Cm 

Source:  ASM  VEM/D09/AO6/SOO72383  (Tl) 
UscrlD :  Designer 


'    Select  Source, ..  ) 


Last  Changed  :  6/3/09 


t     Composition  Types 


[ 


Material  \ame  .'  Lommcnt; 
Copper  (UNS  CI 0100) 
Al  20-300  degC  (68-570  degF 

PropertyNamc               10  Mm  ■ 
Thermal  expansion  coer.  (alpha) 

293.15 

value  MO  Max 

1 .77006-5 
573.15 

UOM  /  10  UOM  ■ 

l/K 
K 

Cono«r(llr«r.1fl100) 

At  20-300  degc  (68-570  degr 

Copper  (UNS  CI0I00) 

At  20-300  doge  (68-570  degF 

293.15 

TensHc  Strength  (Syt) 

293.15 

6.90O0P+7 
S73.15 

2.2000c.  8 
573.15 

Pa 
K 
Pa 
K 

Copper  (UNSCIOIOO) 

At  70-300  rtegf  (SR-570  degF 

Copper  (UNS  CI 0I0U) 

Elcmgatlon  modulus 

793.15 

Young's  modulus  (b) 

45.0 

573.15 
1. 15000.11 

« 
K 

Pa 

I  FIGURE  2.27  PKS-MPD  Materials  selection  Properties  display  page  for  Copper  (UNS  C10100) 


'    No  ) 


Materials  selected  Continue  to  export  or  print' 


Copper  (UNSCIOIOO) 


I  FIGURE  2.28  PKS-MPD  Materials  selected 


verification  page  for  Copper  (UNS  C10100) 


PKS-MPD:  Searchable  Materials  Properties  Database 


I  FIGURE  2.29  PKS-MPD  Materials  selection  Tensile  Strength  (Syt)  display  page  for  Copper 
(UNS  CI  01 00) 

16.  Select  the  Tensile  Strength  (Syt)  for  Copper  (UNS  C10100)  at  room  temperature. 

17.  Click  Exit. 

Continue  the  selection  process  for  each  property  as  displayed.  When  finished, 
click  the  Exit  button  for  each  property.  The  file  is  then  exported  as  a  text  file  with 
library  management  data  leading.  Figure  2.30  shows  the  material  properties 
exported. 

The  exported  file  can  be  directly  imported  into  COMSOL  Multiphysics  as 
follows: 

1 .  Open  COMSOL  Multiphysics  in  the  application  mode  of  choice. 

2.  Using  the  menu  bar,  select  Options  >  Materials/Coefficients  Library. 

3.  Click  the  Add  Library  button.  See  Figure  2.31 . 

4.  Select  the  newly  exported  Copper  (UNS  CIO  110)  library.  See  Figure  2.32. 
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I  FIGURE  2.30  PKS-MPD  Materials  selection  properties  for  Copper  (UNS  C10100)  exported 
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I  FIGURE  2.31  Materials/Coefficients  Library  edit  page 


PKS-MPD:  Searchable  Materials  Properties  Database 


File.   Copper  (UNSClOllO) 

^A.Library  ^ 


Filf  Format  '  Library  Data  Files  C.dat:  »jj 
(  New  Folder  )  (  cancel  ^    (   OK  ) 

I  FIGURE  2.32  Copper  (UNS  C1 01 00)  file  selected  as  the  library  to  be  added 

5.  Click  OK.  The  Copper  (UNS  C10100)  (1)  library  is  added  as  the  last  item  on  the 
Materials  library  list  in  the  Materials  window.  See  Figure  2.33. 

6.  Click  OK. 

The  second  method  of  Searching  if  the  modeler  knows  the  UNS  number,  is  sim- 
ply to  enter  that  number. 


►  Model  (01 

►  Basic  Material  Properties  1281 

►  UqMMt  and  Case*  CIS) 

►  MEMS  Material  Properties  (33) 

►  Heat  Transfer  Coefficients  (6) 

►  electric  (AC/DC)  Material  Prop 

►  Piezoelectric  Material  Propertit 
»  User  Defined  Materials  (1) 

►  reNI  Material  Properties  (5: 

►  Ductile  Iron  Malctial  Piupeilie 

►  Library  ILHH) 
►>  PK5  Test  Library  (1) 

►  PK5  Test  Library  (1) 

►  Copper  (UNS  C 10100)  1 1> 


Material  properties 


□  Hide  undefined  properties 


(    Help    )    (  Apply  )    (  cancel  ) 


I  FIGURE  2.33  Materials/Coefficients  Library  edit  page 
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I  FIGURE  2.34  PKS-MPD  Materials  selected  Other  Characteristics  page 

1 .  Click  the  Clear  button. 

2.  Select  "Other  Characteristics." 

3.  Enter  @UNS  C10100@. 

4.  Click  the  Add  to  Search  button.  See  Figure  2.34. 

5.  The  search  yields  one  candidate  material.  Click  the  Print  Materials  button. 
See  Figure  2.35. 

The  rest  of  the  instructions  for  printing,  exporting,  and  adding  materials  proper- 
ties to  the  COMSOL  library  are  the  same  as  given  previously. 
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I  FIGURE  2.35  PKS-MPD  Materials  selected  Properties  page 
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PKS-MPD  sample  database  and  an  activation  key. 
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■  Exercises 


1.  Explore  the  processes  of  finding  and  exporting  materials  properties  with  the 
COMSOL  Material  Library  module  presented  in  this  chapter. 

2.  Explore  the  processes  of  finding  and  exporting  materials  properties  with  MatWeb 
as  presented  in  this  chapter. 

3.  Explore  the  processes  of  finding  and  exporting  materials  properties  with 
PKS-MPD  as  presented  in  this  chapter. 
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In  This  Chapter 

ID  Guidelines  for  New  COMSOL®  Multiphysics®  Modelers 
ID  Modeling  Considerations 
Coordinate  System 

ID  KdV  Equation:  Solitons  and  Optical  Fibers 
COMSOL  KdV  Equation  Model 
First  Variation  on  the  KdV  Equation  Model 
Second  Variation  on  the  KdV  Equation  Model 
ID  KdV  Equation  Models:  Summary  and  Conclusions 

ID  Telegraph  Equation 

COMSOL  ID  Telegraph  Equation  Model 

First  Variation  on  the  Telegraph  Equation  Model 

Second  Variation  on  the  Telegraph  Equation  Model 

ID  Telegraph  Equation  Models:  Summary  and  Conclusions 


■  1D  Guidelines  for  New  COMSOL®  Multiphysics®  Modelers  

1D  Modeling  Considerations 

ID  modeling  is  both  the  least  difficult  and  potentially  the  most  difficult  type  of  model 
to  build,  irrespective  of  the  modeling  software  utilized.  The  least  difficult  aspect  of  ID 
model  building  arises  from  the  fact  that  the  geometry  is  simple:  In  a  ID  model,  the 
modeler  can  have  only  a  single  line  or  a  sequence  of  line  segments  as  the  modeling 
space.  However,  the  physics  in  a  ID  model  can  range  from  reasonably  easy  (simple) 
to  extremely  difficult  (complex). 

note'^  COMSOL®  Multiphysics®  software  has  two  ID  modes:  ID  (beginning-level 
through  moderate-level  modeling)  and  ID  Axisymmetric  (advanced-level  modeling). 
In  keeping  with  the  introductory  focus  of  the  material  in  this  text,  only  ID  models 
(beginning-level  through  moderate-level  models)  will  be  presented.  For  information 
on  the  ID  Axisymmetric  geometry,  the  associated  physics,  and  the  use  of  the  same, 
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refer  to  the  COMSOL  manuals,  the  COMSOL  website,  and  the  general  COMSOL 
Multiphysics  software-related  research  literature. 

The  ID  model  implicitly  assumes  that  the  energy  flow,  the  materials  properties, 
the  environment,  and  any  other  conditions  and  variables  that  are  of  interest  are  homo- 
geneous, isotropic,  and  constant,  unless  otherwise  specified,  throughout  the  entire 
domain  of  interest,  both  within  the  model  and  in  the  environs  of  the  model.  In  other 
words,  the  properties  assigned  to  the  ID  model  are  representative  of  the  properties  of 
proximate  nonmodeled  regions.  Bearing  that  in  mind,  the  modeler  needs  to  ensure  that 
all  modeling  conditions  and  associated  parameters  have  been  properly  considered, 
defined,  or  set  to  the  appropriate  values. 

note^  As  mentioned  earlier,  it  is  always  preferable  for  the  modeler  to  be  able  to 
accurately  anticipate  the  expected  behavior  (results)  of  the  model.  Calculated  solution 
values  that  deviate  widely  from  the  expected  values  or  from  comparison  values 
measured  in  experimentally  derived  realistic  models  are  probably  indicative  of  one  or 
more  modeling  errors  either  in  the  original  model  design,  in  the  earlier  model  analysis, 
or  in  the  understanding  of  the  underlying  physics,  or  are  simply  due  to  human  error. 


Coordinate  System 

In  a  ID  model,  there  are  only  two  coordinates:  space  (x)  and  time  (t).  In  a  steady-state 
solution,  parameters  vary  only  as  a  function  of  space  (x).  In  a  transient  solution  model, 
parameters  can  vary  both  in  space  (x)  and  in  time  (t).  The  space  coordinate  (x)  typi- 
cally represents  distance  throughout  which  the  model  is  to  calculate  the  change  of  the 
specified  observables  (i.e.,  temperature,  heat  flow,  pressure,  voltage,  current). 

note1**"  To  assist  the  reader  to  achieve  a  broader  exposure  to  the  applicability  of  physics 
discussed  in  this  book  and  to  demonstrate  the  power  of  ID  modeling  techniques, 
modeling  examples  are  presented  that  demonstrate  techniques  from  two  different,  but 
similar,  broadly  applicable  areas  of  physics.  The  examples  presented  explore  wave 
propagation,  in  the  broadest  general  sense. 


■  1D  KdV  Equation:  Solitons  and  Optical  Fibers 

The  KdV  equation1  is  a  well-known  example  of  a  group  of  nonlinear  partial  differen- 
tial equations2  called  exactly  solvable.3  That  type  of  equation  has  solutions  that  can  be 
specified  with  exactness  and  precision. 

note^  Nonlinear  partial  differential  equations  play  an  extremely  important  role  in  the 
description  of  physical  systems.4  Nonlinear  partial  differential  equations  are,  by  and 
large,  inherently  difficult  to  solve  and  require  a  unique  approach  for  each  equation  type. 
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The  KdV  equation,  solved  in  1895  by  Diederik  Korteweg  and  Gustav  de  Vries, 
mathematically  describes  the  propagation  of  a  surface  disturbance  on  a  shallow  canal. 
The  effort  to  solve  this  wave  propagation  problem  was  undertaken  based  on  observa- 
tions by  John  Scott  Russell  in  1834,5  among  others.  Subsequent  activity  in  this  math- 
ematical area  has  led  to  soli  ton  application  in  magnetics6  and  optics.7  Work  on  soliton 
propagation  problems  is  currently  an  active  area  of  research. 

The  following  numerical  solution  model  (KdV  equation)  was  originally  devel- 
oped by  COMSOL  for  distribution  with  the  Multiphysics  software  as  an  equation- 
based  model.  Here,  we  will  build  the  model  as  presented  in  the  COMSOL  Model 
Library  and  then  explore  variations  and  expansions  on  the  model. 

note^  It  is  important  for  the  new  modeler  to  personally  try  to  build  each  model 
presented  within  the  text.  There  is  no  substitute  for  the  hands-on  experience  of  actually 
building,  meshing,  solving,  and  postprocessing  a  model.  Many  times  the  inexperienced 
modeler  will  make  and  subsequently  correct  errors,  adding  to  his  or  her  experience  and 
fund  of  modeling  knowledge.  Even  the  simplest  model  will  expand  the  modeler's  fund 
of  knowledge. 

The  KdV  equation  (as  written  in  standard  notation)  is 

dtU  +  d3xU  +  6udxu  =  0 
In  the  COMSOL  documentation,  the  formula  is  shown  as 

ut  +  uxxx  =  6wmx    in    fi  =  [—8,8] 

The  difference  between  the  two  equations  is  that  (3.2)  is  the 
which  will  be  adjusted  during  postprocessing. 

The  boundary  conditions  are  periodic,  as  shown  here: 

u(  —  8,t)  =  u(8,t)  periodic 

The  initial  condition  for  this  model  is 

u(x,0)  =  -6sec/z2(x)  (3.4) 

Once  the  modeler  builds  and  solves  this  model,  it  will  be  seen  that  the  pulse  imme- 
diately divides  into  two  soliton  pulses,  with  different  width  and  propagation  speeds. 

COMSOL  KdV  Equation  Model  

To  start  building  the  KdV_Equation_l  model,  activate  the  COMSOL  Multiphysics 
software.  In  the  Model  Navigator,  select  "ID"  from  the  Space  dimension 
pull-down  list.  Select  COMSOL  Multiphysics  >  PDE  Modes  >  PDE,  General 


(3.1) 
(3.2) 

negative  form  of  (3.1), 
(3.3) 
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I  FIGURE  3.1   1 D  Axes/Grid  Settings  window  M 


Form  >  Time-dependent  analysis.  Type  ul  space  u2  in  the  dependent  variables  edit 
field.  Click  OK.  Using  the  menu  bar,  select  Options  >  Axes/Grid  Settings.  Enter  -9 
tab  9  in  the  edit  fields  to  define  the  x  geometry.  Click  OK.  See  Figure  3.1. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Line.  Enter  -8  space  8  in 
the  Line  edit  window.  Click  OK.  See  Figure  3.2. 
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I  FIGURE  3.2  1 D  geometry  for  the  KdV  equation  model 
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I  FIGURE  3.3  Periodic  Boundary  Conditions  window 


Periodic  Boundary  Condition  Settings 


note^  For  the  new  modeler  unfamiliar  with  periodic  boundary  conditions,  their  use 
allows  the  domain  (x  values)  of  the  model  to  be  extended  essentially  indefinitely.  For 
example,  the  modeling  workspace  of  a  line  has  two  ends  that  would  form  two  abrupt 
terminations,  if  not  somehow  compensated  for.  The  use  of  periodic  boundary 
conditions  forms  the  line  into  a  circle,  which  is  mathematically  infinite  (endless). 

Having  established  the  ID  geometry  (line),  the  next  step  is  to  define  the  fundamen- 
tal physics  conditions.  From  the  menu  bar,  select  Physics  >  Periodic  Conditions  > 
Periodic  Boundary  Conditions.  After  the  Periodic  Boundary  Conditions  window  appears, 
on  the  Source  page,  select  "1"  in  the  Boundary  selection  window.  See  Figure  3.3. 

Enter  ul  in  the  Expression  edit  window,  and  then  press  the  Enter  key.  The  con- 
straint name  "pconstrl"  will  appear  in  the  Constraint  name  column.  See  Figure  3.4. 
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I  FIGURE  3.4  Periodic  Boundary  Conditions  window,  Source  page 
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I  FIGURE  3.5  Periodic  Boundary  Conditions  window,  Destination  page,  boundary  2 

Click  the  Destination  tab.  Select  "2"  as  the  boundary,  and  enter  ul  in  the  edit 
window.  See  Figure  3.5. 

Click  the  Source  Vertices  tab.  Select  "1"  as  the  vertex,  and  then  click  the  » 
button.  See  Figure  3.6. 

Click  the  Destination  Vertices  tab.  Select  "2"  as  the  vertex,  and  then  click  the  » 
button.  See  Figure  3.7. 

Click  the  Source  tab.  Select  "1"  as  the  boundary,  and  then  type  u2  in  the  second 
Expression  window.  Press  the  Enter  key.  The  label  "pconstr2"  will  appear  in  the 
Constraint  name  column.  See  Figure  3.8. 

Click  the  Destination  tab.  Select  "2"  as  the  boundary,  and  then  enter  u2  in  the 
Expression  edit  window.  See  Figure  3.9. 
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I  FIGURE  3.6  Periodic  Boundary  Conditions  window,  Source  Vertices  page,  vertex  ' 
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Periodic  Boundary  Conditions  


Vertices  1 


The  orientation  of  the  source  domains 
relatively  the  destination  domains  is 
determined  by  matching  source  and 
destination  vertices  In  the  order  they  are 


I  FIGURE  3.7  Periodic  Boundary  Conditions  window,  Destination  Vertices  page,  vertex  2 
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I  FIGURE  3.8  Periodic  Boundary  Conditions  window,  Source  page,  boundary  1 ,  variable  u2 
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I  FIGURE  3.9  Periodic  Boundary  Conditions  window,  Destination  page 
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Periodic  Boundary  Conditions 
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determined  by  matching  source  and 
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I  FIGURE  3.10  Periodic  Boundary  Conditions  window,  Source  Vertices  page 


Click  the  Source  Vertices  tab.  Select  "1"  as  the  vertex,  and  then  click  the  » 
button.  See  Figure  3.10. 

Click  the  Destination  Vertices  tab.  Select  "2"  as  the  vertex,  and  then  click  the  » 
button.  See  Figure  3.11.  Click  OK. 

Boundary  Conditions  Settings 

The  next  step  is  to  set  the  boundary  conditions .  Using  the  menu  bar,  select  Physics  > 
Boundary  Settings.  Using  Table  3.1  as  a  guide,  on  the  Type  page,  select  boundaries  1 
and  2.  Click  the  Neumann  button,  and  then  click  the  G  tab.  Verify  or  type  0  in  each  edit 
window.  Click  OK. 
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I  FIGURE  3.11  Periodic  Boundary  Conditions  window,  Destination  Vertices  page 
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Table  3.1     Boundary  Settings  Window 


Parameter 

Boundary  1 

Boundary  2 

G(1) 

G(2) 

Type 

Neumann 

Neumann 

Setting 

0 

0 

note^  Boundary  conditions  settings  specify  the  values  that  a  solution  to  the  problem 
being  solved  needs  to  take  on  at  the  boundary  (edge).  Two  types  of  boundary  conditions 
are  used  in  this  book:  Dirichlet  and  Neumann.  In  the  Dirichlet  boundary  condition, 
f[a)  =  nx  and/(£>)  =  n2,  where  a,  b  are  the  boundary  points  and  nx,  n2  are  given  numbers. 
In  the  Neumann  boundary  condition,  df(a)l dx  =  n3  and  df(b)ldx  =  n4,  where  a,  b  are  the 
boundary  points  and  n3,  n4  are  given  numbers.  Mixed  boundary  conditions,  which  are  a 
more  advanced  topic  and  will  not  be  covered  here,  are  also  possible. 

Subdomain  Settings 

The  next  step  in  building  the  KdV  equation  model  is  to  set  the  Subdomain  Settings.  Select 
Physics  >  Subdomain  Settings.  Once  the  Subdomain  Settings  window  appears,  select 
subdomain  1 ,  and  enter  the  coefficient  values  under  the  correct  tab  as  shown  in  Table  3.2. 

Once  the  PDE  coefficients  have  been  entered,  Click  the  Init  tab.  Enter  the  initial 
conditions  shown  in  Table  3.3,  and  then  click  OK. 

I  Table  3.2     Subdomain  Settings  window,  PDE  coefficients 


PDE  Coefficien 

t  Value 

ro) 

u2 

r(2) 

u1x 

F(1) 

6*u1*u1x 

F(2) 

u2 

of8(11) 

1 

oyi2) 

0 

c/a(21) 

0 

d3(22) 

0 

Table  3.3     Initial  Conditions  Window 


Initial  Condition  Value 


u1(t0)  -6*sech(x)A2 

u2(t0)  -24*sech(x)A2*tanh(x)A2+12*sech(x)A2*(1-tanh(x)A2) 
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I  FIGURE  3.12  Free  Mesh  Parameters  window 


Mesh  Generation 

From  the  menu  bar,  select  Mesh  >  Free  Mesh  Parameters.  Type  0.1  in  the  Maximum 
element  size  edit  window,  as  shown  in  Figure  3.12.  The  mesh  consists  of  160  ele- 
ments. Click  OK. 

From  the  menu  bar,  select  Mesh  >  Initialize  Mesh.  The  result  of  the  meshing  oper- 
ation is  shown  in  Figure  3.13. 


I  FIGURE  3.13  Meshed  model 
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I  FIGURE  3.14  Solver  Parameters  window 


Solving  the  KdV  Equation  Model 

First,  using  the  menu  bar,  select  Solve  >  Solver  Parameters.  The  COMSOL  Multiphysics 
software  automatically  selects  the  Time  dependent  solver.  Type  linspace(0, 2, 81)  in  the 
Times  edit  window,  as  shown  in  Figure  3.14.  This  instruction  divides  the  time-space  into 
81  equal  intervals,  in  the  period  from  0  to  2  seconds. 


note^  When  the  instruction  linspace(a,  b,  c)  is  typed,  it  must  be  typed  with  no  space 
between  the  last  "e"  of  "linspace"  and  the  open  parenthesis  (of  the  argument 
specification  (a,  b,  c).  If  it  is  not  typed  exactly  this  way,  the  COMSOL  Multiphysics 
software  will  indicate  an  error! 


Click  the  Time  Stepping  tab.  Type  2  in  the  Maximum  BDF  order  edit  window,  as 
shown  in  Figure  3.15.  Click  OK. 

Using  the  menu  bar,  select  Solve  >  Solve  Problem.  The  solution  that  is  immedi- 
ately seen  is  the  negated  (-)  solution  at  the  last  time  interval  (/  =  2  seconds) ,  as  shown 
in  Figure  3.16. 
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I  FIGURE  3.15  Solver  Parameters  window,  Time  Stepping  page 
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I  FIGURE  3.16  Negated  KdV  model  solution 
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I  FIGURE  3.17  KdV  equation  model  solution 


Postprocessing 

The  positive  solution  can  be  viewed  as  follows:  Select  Postprocessing  >  Plot 
Parameters.  Click  the  Line  tab.  Type  -ul  in  the  Expression  edit  window.  Click  the 
Apply  button.  The  positive  results  are  shown  in  Figure  3.17. 
Save  the  KdV  Equation  model  as  Model3_KdV_l . 

The  solution  to  the  KdV  equation  can  also  be  viewed  as  an  animation.  To  view  the 
solution  as  a  movie,  using  the  menu  bar,  select  Postprocessing  >  Plot  Parameters. 
Once  the  Plot  Parameters  window  appears  (see  Figure  3.18),  click  the  Animate  tab.  On 
the  Animate  page,  select  all  the  solutions  in  the  Stored  output  times  window  (see 
Figure  3.19).  Click  the  Start  Animation  button.  Save  the  KdV  equation  model  anima- 
tion by  clicking  on  the  disk  icon  on  the  player  screen.  Alternatively,  you  can  play  the 
file  Movie3_KdV_l  .avi  that  was  supplied  with  this  book. 

note'^  Many  modelers  are  better  able  to  understand  the  dynamics  of  the  solution 
when  the  solution  is  presented  as  an  animation.  It  is  available  in  addition  to  the 
presentation  of  the  solution  as  a  series  of  static  plots. 

The  file  extension  that  is  created  during  the  Save  operation  is  platform  dependent.  If 
the  platform  is  a  Power  Mac®  computer,  the  extension  for  an  animation  will  be  different 
(.mov)  than  that  for  a  Mac®  computer  with  Intel®  processor  or  a  PC  (.avi).  Either  can  be 
played  using  a  free  QuickTime®  player  (http://www.apple.com/quicktime). 
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I  FIGURE  3.18  KdV  model  solution  Plot  Parameters  window,  Line  page 
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I  FIGURE  3.19  KdV  model  solution,  Animate  page 
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First  Variation  on  the  KdV  Equation  Model 

The  previous  solution  to  the  KdV  equation  results  in  two  soliton  pulses  propagating  in 
the  same  medium  at  the  same  time.  Next,  we  will  explore  how  the  model  behaves 
when  the  initial  conditions  are  modified.  In  this  case,  the  argument  is  made  smaller. 


note^  Information  transmission  relies  on  the  measurement  of  a  difference.  In  Morse 
code  (a  time  differentiation  method),  the  difference  is  between  a  long  pulse,  a  short 
pulse,  and  no  pulse.  No  pulse  signifies  no  message.  Thus,  even  if  a  message  was  sent,  if 
it  was  not  received  (detected),  then  the  recipient  of  the  non-message  classifies  the 
message  traffic  as  zero.  To  receive  a  message,  the  received  signal  must  be  of  adequate 
amplitude  (analog),  of  adequate  duration  (time),  and  in  the  expected  frequency  band  of 
the  receiver.  The  signal  amplitude  must  be  sufficiently  greater  than  the  detection 
threshold  to  allow  information  to  be  collected.  The  signal-to-noise  ratio  determines  the 
minimum  detectable  signal.8 

The  stable,  long-distance,  light  pulses  used  to  convey  information  through  optical 
fibers  are  known  as  temporal  solitons.9  To  achieve  detectability,  the  fiber  is  designed  to 
compensate  for  dispersion  (frequency  spreading)  and  power  loss. 

First,  save  a  copy  of  the  just-created  KdV  equation  model  as  Model3_KdV_2. 
You  can  then  modify  the  KdV  equation  model  without  being  concerned  about  damag- 
ing the  original  model. 

If  Model3_KdV_2  is  already  open  on  your  desktop,  skip  to  the  "Scalar 
Expressions"  section.  If  Model3_KdV_2  is  not  already  open  on  your  desktop,  using 
the  menu  bar,  select  File  >  Open.  When  the  Open  Model  window  is  displayed  as  in 
Figure  3.20,  select  "Model3_KdV_2."  Click  OK. 

Scalar  Expressions 

Using  the  menu  bar,  select  Options  >  Expressions  >  Scalar  Expressions.  When  the 
Scalar  Expressions  window  opens,  type  x_a  in  the  Name  column  and  x/1.33  in  the 
Expression  column,  as  shown  in  Figure  3.21.  Click  OK. 

note^  The  scalar  expression  that  was  just  created  will  be  used  as  the  new  argument 
for  the  initial  conditions  of  the  KdV  equation  model. 

Having  created  the  new  scalar  variable  x_a,  the  next  step  is  to  modify  the  Initial 
Conditions  expression(s) . 

Changing  the  Subdomain  Settings 

The  next  step  in  modifying  the  KdV  equation  model  is  to  change  the  Subdomain 
Settings.  Select  Physics  >  Subdomain  Settings.  Once  the  Subdomain  Settings  window 
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I  FIGURE  3.20  Open  Model  window 


appears,  select  subdomain  1.  Verify  that  the  coefficient  value  under  each  of  the  indi- 
cated tabs  is  as  shown  in  Table  3.4. 

Once  the  PDE  coefficients  have  been  verified,  click  the  Init  tab.  Either  modify 
the  existing  equations  or  enter  the  initial  conditions  shown  in  Table  3.5,  and  then 
click  OK. 


Name  Expression 

Unit 

Description 

x. 

x/1.33 

m 

A 

▼ 

~  y                        (    Help    )    C  Apply  )    (  Cancel  )         OH n  ) 

I  FIGURE  3.21  Scalar  Expressions  window 


Table  3.4 
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PDE  Coefficier 

t  Value 

u2 

r(2) 

u1x 

F(1) 

6*u1*u1x 

F(2) 

u2 

cyn) 

1 

cyi2) 

0 

£4(21) 

0 

da(22) 

0 

Because  the  new  KdV  equation  model  is  a  revised  copy  of  the  original  KdV  equa- 
tion model,  the  new  model  will  need  to  be  reset.  Using  the  menu  bar,  select  File  > 
Reset  Model. 


note^  The  Reset  Model  command  clears  the  copied  model  of  previous  meshes  and 
solutions. 


Mesh  Generation 

From  the  menu  bar,  select  Mesh  >  Free  Mesh  Parameters.  Verify  or  type  0.1  in  the 
Maximum  element  size  edit  window,  as  shown  in  Figure  3.22.  Click  OK. 

From  the  menu  bar,  select  Mesh  >  Initialize  Mesh.  The  result  of  the  meshing  oper- 
ation is  shown  in  Figure  3 .23 . 

Solving  the  First  Revised  KdV  Equation  Model 

Using  the  menu  bar,  select  Solve  >  Solver  Parameters.  Verify  that  the  COMSOL 
Multiphysics  software  automatically  selected  the  Time  dependent  solver.  Verify  or  type 
linspace(0,  2,  81)  in  the  Times  edit  window,  as  shown  in  Figure  3.24.  This  instruction 
divides  the  time-space  into  81  equal  intervals,  in  the  period  from  0  to  2  seconds. 


Table  3.5    Initial  Conditions  Window 


Initial  Condition 

Value 

u1(t0) 
u2(t0) 

-6*sech(x_a)A2 

-24*sech(x_a)A2*tanh(x_a)A2+12*sech(x„a)A2* 
(1-tanh(x_a)A2) 
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I  FIGURE  3.22  Free  Mesh  Parameters  window 


Click  the  Time  Stepping  tab.  Verify  or  type  2  in  the  Maximum  BDF  order  edit 
window,  as  shown  in  Figure  3.25.  Click  OK. 

Using  the  menu  bar,  select  Solve  >  Solve  Problem. 

In  this  variation,  the  solution  that  is  immediately  seen  is  not  the  negated  (-) 
solution  at  the  last  time  interval.  Instead,  the  solution  shown  is  the  positive  solution 


I  FIGURE  3.23  Remeshed  model 
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I  FIGURE  3.24  Solver  Parameters  window 
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I  FIGURE  3.25  Solver  Parameters  window,  Time  Stepping  page 
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I  FIGURE  3.26  First  revised  KdV  model  solution 


of  the  KdV  Equation,  because  the  sign  inversion  (-)  was  adjusted  in  postprocessing 
of  the  copied  model.  The  results  of  the  changed  argument  solution  are  shown  in 
Figure  3.26. 

Save  this  KdV  Equation  model  as  Model3_KdV_2  to  retain  the  current  solution. 
Postprocessing  Animation 

This  solution  to  the  KdV  equation  can  also  be  viewed  as  an  animation.  To  view  the 
solution  as  a  movie,  using  the  menu  bar,  select  Postprocessing  >  Plot  Parameters.  Once 
the  Plot  Parameters  window  appears,  click  the  Animate  tab.  On  the  Animate  page, 
select  all  the  solutions  in  the  Stored  output  times  window  (see  Figure  3.27).  Click  the 
Start  Animation  button.  Save  this  KdV  equation  model  animation  by  clicking  on  the 
disk  icon  on  the  player  screen.  Alternatively,  you  can  play  the  file  Movie3_KdV_2.avi 
that  was  supplied  with  this  book. 

note^  The  reduction  of  the  argument  for  the  initial  conditions  results  in  the  splitting 
of  the  initial,  single  soliton  pulse  into  three  separate  soli  ton  pulses  that  propagate 
through  the  medium  (e.g.,  optical  fiber)  at  three  different  velocities  and  arrive  at  the 
receiver  at  different  times. 

Adoption  of  either  the  first  solution  or  the  second  solution  in  an  information 
transmission  system  would  cause  serious  message  distortion  or  interference  problems 


ID  KdV  Equation:  Solitons  and  Optical  Fibers 


General      Line      Max/Mm  An 


Movie  settings 
File  type 
Width  (in  pixels) 
Height  (In  pixels) 
Frames  per  second 


[  AW 


640 


10  | 
'  Advanced 


Static  /  Eigenfunction  animation 

Cycle  type:  Full  harmonic  ^ 


Number  of  frames     1 1 


Q  Reverse  direction 


Solutions  to  use 


Select  via   [  Stored  output  times  (jj^ 


(  Start  Animation  ) 


I  FIGURE  3.27  KdV  model  solution,  Animate  page 


at  the  receiving  site.  These  solutions  would  cause  the  same  nature  of  interference  as 
multiple-path  propagation  in  atmospheric  transmission  (e.g.,  the  same  signal  arriving 
several  times  at  the  same  receiver  in  a  slightly  delayed  mode). 


Second  Variation  on  the  KdV  Equation  Model 

The  first  revised  solution  to  the  KdV  equation  results  in  three  soliton  pulses  propa- 
gating in  the  same  medium  at  the  same  time.  Next,  we  will  explore  how  the  model 
behaves  when  the  initial  conditions  are  again  modified.  In  this  case,  the  argument  of 
the  initial  conditions  will  be  increased  in  size. 

note^  Remember— information  transmission  relies  on  the  measurement  of  a 
difference.  Each  pulse  is  one  bit  of  information.  No  pulse  signifies  no  message.  Thus, 
even  if  a  message  was  sent,  if  it  was  not  received  (detected) ,  then  the  recipient  of  the 
non-message  classifies  the  message  traffic  as  zero. 

To  receive  the  correct  message,  the  signal  must  be  of  adequate  amplitude  (analog), 
of  adequate  duration  (time) ,  in  the  expected  frequency  band  of  the  receiver,  and  must 
correlate  exactly  with  the  message  sent.  The  signal  amplitude  must  be  sufficiently 
greater  than  the  detection  threshold  to  allow  information  to  be  collected  and  must  not 
contain  spurious,  random  pulses. 
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I  FIGURE  3.28  Open  Model  window 


First,  save  a  copy  of  the  just-created  first  variation  on  the  KdV  equation  model  as 
Model3_KdV_3.  You  can  then  modify  the  KdV  equation  model  without  being  con- 
cerned about  damaging  the  just-built  model. 

If  Model3_KdV_3  is  already  open  on  your  desktop,  skip  to  the  "Scalar 
Expressions"  section.  If  Model 3_KdV_3  is  not  already  open  on  your  desktop,  using 
the  menu  bar,  select  File  >  Open.  When  the  Open  Model  window  is  displayed  as  in 
Figure  3.28,  select  "Model3_KdV_3 ."  Click  OK. 

Scalar  Expressions 

Using  the  menu  bar,  select  Options  >  Expressions  >  Scalar  Expressions.  When  the 
Scalar  Expressions  window  opens,  verify  or  type  x_a  in  the  Name  column  and  pi/2*x 
in  the  Expression  column,  as  shown  in  Figure  3.29.  Click  OK. 

note'^  The  scalar  expression  that  was  just  created  will  be  used  as  the  new  larger 
argument  for  the  initial  conditions  of  the  second  variation  on  the  KdV  equation 
model. 


Having  created  the  new  Scalar  Variable  x_a,  the  next  step  is  to  modify  the  Initial 
Conditions  expression(s) . 
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Expression 
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Description 

x_a 

pi/2«x 

m 

—  m 

! 

I  FIGURE  3.29  KdV  Scalar  Expressions  window 


Changing  the  Subdomain  Settings 

The  next  step  in  modifying  this  version  of  the  KdV  equation  model  is  to  change  the 
Subdomain  Settings.  Select  Physics  >  Subdomain  Settings.  Once  the  Subdomain 
Settings  window  appears,  select  subdomain  1 .  Verify  that  the  coefficient  value  assigned 
to  each  of  the  indicated  tabs  is  as  shown  in  Table  3.6. 

Once  the  PDE  coefficients  have  been  verified,  click  the  Init  tab.  Verify  the  exist- 
ing equations  or  type  the  initial  conditions  found  in  Table  3.7,  and  then  click  OK. 


Table  3.6     Subdomain  Settings  Window,  PDE  Coefficients 


rm 

u2 

m) 

u1x 

F(1) 

6*u1*u1x 

F{2) 

u2 

cyi1) 

1 

dad2) 

0 

4,(21) 

0 

d3(22) 

0 

Table  3.7     Initial  Conditions  Window 


Initial  Conditii 

m  Value 

u1(t0) 

-6*sech(x_a)A2 

u2(t0) 

-24*sech(x_a)A2*tanh(x_a)A2+12*sech(x_a)A2* 

(1-tanh(x_a)A2) 
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|  FIGURE  3.30  Free  Mesh  Parameters  window 


Because  the  new  KdV  equation  model  is  a  revised  copy  of  the  original  KdV  equation 
model,  this  model  will  need  to  be  reset.  Using  the  menu  bar,  select  File  >  Reset  Model. 


note^  The  Reset  Model  command  clears  the  copied  model  of  previous  meshes  and 
solutions. 


Mesh  Generation 

From  the  menu  bar,  select  Mesh  >  Free  Mesh  Parameters.  Verify  or  type  0.1  in  the 
Maximum  element  size  edit  window,  as  shown  in  Figure  3.30.  Click  OK. 

From  the  menu  bar,  select  Mesh  >  Initialize  Mesh.  The  result  of  the  meshing 
operation  is  shown  in  Figure  3 .3 1 . 

Solving  the  Second  Revised  KdV  Equation  Model 

Using  the  menu  bar,  select  Solve  >  Solver  Parameters.  Verify  that  the  COMSOL 
Multiphysics  software  automatically  selected  the  Time  dependent  solver.  Verify  or 
type  linspace(0,  2,  81)  in  the  Times  edit  window,  as  shown  in  Figure  3.32.  This 
instruction  divides  the  time-space  into  81  equal  intervals,  in  the  period  from  0  to 
2  seconds. 

Click  the  Time  Stepping  tab.  Verify  or  type  2  in  the  Maximum  BDF  order  edit 
window,  as  shown  in  Figure  3.33.  Click  OK. 

Using  the  menu  bar,  select  Solve  >  Solve  Problem. 

The  solution  that  is  immediately  seen  is  not  the  negated  (-)  solution  at  the  last 
time  interval.  Instead,  the  solution  shown  is  the  positive  solution  of  the  KdV  equation, 


ID  KdV  Equation:  Solitons  and  Optical  Fibers 


|  FIGURE  3.31  Remeshed  model 


Analysis: 


Auto  select  jolver 
Solver: 


Mationary 


Eigenvalue 
Parametric 

Stationary  segregated 
Parametric  seqreqated 


'  '  Adaptive  mesh  refinement 


iimeMepping  Advanced 


Timp  <r*>pping 
Times: 

RfldUve  IuIl-i  jiilc 

Absolute  tolerance 
_  Allow  complex  numbers 


linspace(0.2.81> 


Linear  system  solver 

Uthmj  >ykiem*oh«l.  '   Direct  (UMFPACK) 

Preconditioner:  '  


IE 


[  Settings-.  ) 


Matrix  symmatry: 


C  c'"«'  ) 


|  FIGURE  3.32  Solver  Parameters  window 
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|  FIGURE  3.33  Solver  Parameters  window,  Time  Stepping  page 


because  the  sign  inversion  (-)  was  adjusted  in  postprocessing  of  the  previous  model. 
The  results  of  the  changed  argument  solution  are  as  shown  in  Figure  3.34. 

Save  this  KdV  equation  model  as  Model3_KdV_3  to  retain  the  current  solution. 

Postprocessing  Animation 

This  solution  to  the  KdV  equation  can  also  be  viewed  as  an  animation.  To  view  this 
solution  as  a  movie,  using  the  menu  bar,  select  Postprocessing  >  Plot  Parameters.  Once 
the  Plot  Parameters  window  appears,  click  the  Animate  tab.  On  the  Animate  page, 
select  all  the  solutions  in  the  Stored  output  times  window  (see  Figure  3.35).  Click  the 
Start  Animation  button.  Save  this  KdV  equation  model  animation  by  clicking  on  the 
disk  icon  on  the  player  screen.  Alternatively,  you  can  play  the  file  Movie3_KdV_3.avi 
that  was  supplied  with  this  book. 


note^P  The  result  of  the  argument  change  for  the  second  variation  on  the  KdV 
equation  model  initial  conditions  is  the  generation  of  a  single  soliton  that  propagates 
through  the  medium  (e.g.,  optical  fiber)  at  one  velocity.  This  soliton  pulse  will  reliably 
convey  information  to  the  receiving  station. 

One  factor  that  this  model  does  not  address  is  the  loss  of  energy  (attenuation)  as  a 
function  of  distance.  It  is  a  more  advanced  topic  that  will  not  be  covered  in  this  book. 
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I  FIGURE  3.35  KdV  model  solution,  Animate  page 
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I  FIGURE  3.36  Telegraph  equation  electrical  component  model 


1D  KdV  Equation  Models:  Summary  and  Conclusions 

The  KdV  equation  is  a  powerful  tool  that  can  be  used  to  model  soliton  wave  propa- 
gation in  diverse  media  (e.g.,  physical  waves  in  liquids,  electromagnetic  waves  in 
transparent  media).  It  is  easily  and  simply  modeled  with  a  ID  PDE  mode  model. 


■  1D  Telegraph  Equation 

The  telegraph  equation10  was  developed  by  Oliver  Heaviside11  and  first  published 
about  1885. 12  The  telegraph  equation  is  based  on  a  lumped  constant,  four-terminal 
electrical  component  model,  as  shown  in  Figure  3.36. 

In  this  schematic  model  of  the  telegraph  wires  (and  other  transmission  lines), 
there  are  four  fundamental  components:  resistance  (R)  per  unit  of  length  (e.g.,  foot, 
meter),  inductance  (L)  per  unit  of  length  (e.g.,  foot,  meter),  conductance  (G)  per  unit 
of  length  (e.g.,  foot,  meter),  and  capacitance  (C)  per  unit  of  length  (e.g.,  foot,  meter). 
The  differential  equations  for  voltage  (V)  and  current  (I)  have  the  same  form,  as  shown 
in  equations  3.5  and  3.6. 

Equation  3.5  shows  the  partial  differential  equation  for  voltage  (V): 

—V  =  LC^V  +  (RC  +  GL)—V  +  GRV  (3.5) 
dx  dt  dt 

Equation  3.6  shows  the  partial  differential  equation  for  current  (/): 

— /  =  LC—I  +(RC  +  GL)—I  +  GRI  (3.6) 

dx2  dt2  dt 

Equations  3.5  and  3.6  are  similar  in  form  to  equation  3.7,  as  shown  here  for  the 
COMSOL  Multiphysics  telegraph  equation  model: 


uu  +  (a  +  ji)ut  +  af3u  =  c2u 


(3.7) 


ID  Telegraph  Equation 


where  a  and  (3  are  positive  constants,  c  is  the  transport  velocity,  and  u  is  the  voltage. 
Equation  3.5  can  be  restated  in  subscript  notation: 

uxx  =  LCu„  +  {RC  +  GL)u,  +  GRu  (3.8) 

Rearranging  the  terms  of  equation  3 .7  gives  the  following  equation: 

1  I  .         .  1 

uxx  =  —;un  +  -:{a  +  P)u,  +  —fL$U  (3.9) 
c          c  c 


Comparing  equations  3 .8  and  3 .9  yields 


and 


and 


LC  =  \  (3.10) 

c 


(RC  +  GL) 

a  +  P  =  —LC—  (3-U) 


op  =  f  (3.12) 


Solving  for  a  and  (3: 


P  = 


or 


a 


CGL  +  C2R  - 

V-4CGLR  +  (- 

-CGL 

-  C2Rf 

2L 

CGL  +  C2R  + 

V-4CGLR  +  (- 

-CGL 

-  C2R)2 

2L 

CGL  +  C2R  + 

V-4CGLR  +  (- 

-CGL 

-  C2R)2 

21 

CGL  +  C2R  - 

V-4CGLR  +  (- 

-CGL 

-  C2R)2 

(3.13) 


In  the  event  that 


R  =  G  =0 


(3.14) 
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the  transmission  line  is  considered  lossless  and  the  telegraph  equation  becomes 


uxx     LC  utt 


(3.15) 


COMSOL 1D  Telegraph  Equation  Model 


Model  Navigator 

To  start  building  the  telegraph  equation  model,  activate  the  COMSOL  Multiphysics 
software.  In  the  Model  Navigator,  select  "ID"  from  the  Space  dimension  pull-down 
list.  Select  COMSOL  Multiphysics  >  PDE  Modes  >  PDE,  Coefficient  Form  >  Time- 
dependent  analysis,  wave  type.  Verify  that  Lagrange-Quadratic  elements  have  been 
selected  in  the  Element  pull-down  list.  Click  OK. 

ID  Geometry 

Once  the  COMSOL  Multiphysics  ID  workspace  window  has  appeared,  using  the 
menu  bar,  select  Draw  >  Specify  Objects  >  Line.  Type  0  space  1  in  the  Coordinates 
edit  window  of  the  Line  window.  Click  OK.  Using  the  toolbar,  click  the  Zoom  Extents 
button.  The  ID  geometry  will  appear  as  shown  in  Figure  3.37. 


I  FIGURE  3.37  Telegraph  equation  geometry 
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Table  3.8     Constants  Window 


c 

1 

alpha 

0.25 

beta 

0.25 

Table  3.9     Boundary  Settings  Window 


Parameter 

Boundary  1 

Boundary  2 

q 

g 

Type 

Neumann 

Neumann 

Setting 

0 

0 

Constants 

Using  the  menu  bar,  select  Options  >  Constants.  Type  the  constants  in  the  Constants 
edit  window,  as  indicated  in  Table  3.8,  and  then  click  OK. 

Boundary  Conditions 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  After  the  Boundary  Settings 
window  appears,  select  both  boundaries  1  and  2.  Enter  or  verify  the  settings  indicated 
in  Table  3.9,  and  then  click  OK. 

Subdomain  Settings 

The  next  step  in  building  the  telegraph  equation  model  is  to  set  the  Subdomain 
Settings.  Select  Physics  >  Subdomain  Settings.  Once  the  Subdomain  Settings  window 
appears,  select  subdomain  1  and  enter  the  coefficient  values  under  the  correct  tab  as 
shown  in  Table  3.10.  Verify  and  then  leave  the  other  coefficient  settings  at  their  0 
value,  as  shown  in  Figure  3.38. 

I  Table  3.10    Subdomain  Settings  Window,  PDE  Coefficients 
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I  FIGURE  3.38  PDE  window,  Coefficients  page 


Once  the  PDE  coefficients  have  been  entered,  click  the  Init  tab.  Enter  the  initial 
conditions  found  in  Table  3.11,  and  then  click  OK.  See  Figure  3.39. 

Mesh  Generation 

Using  the  toolbar,  select  Initialize  Mesh  >  Refine  Mesh  once.  The  final  mesh,  with  30 
elements,  is  shown  in  Figure  3.40. 

Solving  the  Telegraph  Equation  Model 

Using  the  menu  bar,  select  Solve  >  Solver  Parameters.  Once  the  Solver  Parameters 
window  appears,  click  the  Time  Stepping  tab.  Place  a  check  mark  in  the  Manual  tun- 
ing of  step  size  check  box.  Type  0.002  in  the  Initial  time  step  edit  field,  as  shown  in 
Figure  3.41.  Click  OK. 


Table  3.11     Initial  Conditions  Window 
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I  FIGURE  3.39  PDE  window,  Init  page 


I  FIGURE  3.40  PDE,  telegraph  equation  model  mesh 
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I  FIGURE  3.41  Solver  Parameters  window,  Time  Stepping  page 


note^  The  0.002  time  step  is  selected,  in  this  case,  to  yield  adequate  solution 
resolution  without  requiring  extensive  resource  consumption  (computer/modeler  time) . 

Using  the  menu  bar,  select  Solve  >  Solve  Problem.  The  solution  for  the  final  time 
interval  is  as  shown  in  Figure  3.42. 

Postprocessing 

Using  the  menu  bar,  select  Postprocessing  >  Plot  Parameters.  Once  the  Plot  Parameters 
window  appears,  click  the  General  tab.  Place  a  check  mark  in  the  Keep  current  plot 
check  box.  Select  "Solution  at  time:  0."  Click  the  Apply  button.  Select  "Solution  at 
time:  0.5."  Click  the  Apply  button,  and  then  click  OK.  Figure  3.43  shows  the  resulting 
plot  of  the  pulse  amplitude  as  it  propagates  from  left  to  right. 

Postprocessing  Animation 

This  solution  to  the  telegraph  equation  can  also  be  viewed  as  an  animation.  To  view  this 
solution  as  a  movie,  using  the  menu  bar,  select  Postprocessing  >  Plot  Parameters.  Once 
the  Plot  Parameters  window  appears,  click  the  Animate  tab.  On  the  Animate  page, 
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I  FIGURE  3.44  Telegraph  Equation  Plot  Parameters  window,  Animate  page 


select  all  the  solutions  in  the  Stored  output  times  window  (see  Figure  3.44).  Click  the 
Start  Animation  button.  Save  this  telegraph  equation  model  animation  by  clicking  on 
the  disk  icon  on  the  player  screen.  Alternatively,  you  can  play  the  file  Movie3_ 
TE_1  .avi  that  was  supplied  with  this  book. 

Select  File  >  Save  as.  Type  Model3_TeEq_l  in  the  Save  As  edit  window. 

First  Variation  on  the  Telegraph  Equation  Model 

The  previous  solution  to  the  telegraph  equation  shows  a  pulse  propagating  from  left 
to  right.  Let  us  now  explore  how  the  model  behaves  when  the  initial  conditions  are 
modified.  In  this  case,  the  argument  is  made  smaller,  reflecting  the  behavior  of  a 
lower- loss  transmission  line. 


note^  Information  transmission  relies  on  the  measurement  of  differences,  as  stated 
earlier.  To  receive  a  message,  the  signal  must  be  of  detectable  amplitude  (analog),  of 
detectable  duration  (time),  and  in  the  pass-band  (correct  frequency  or  frequency  spread) 
of  the  receiver.  The  signal  amplitude  must  be  sufficiently  greater  than  the  detection 
threshold  and  above  the  noise  level  (on  the  average)  to  allow  information  to  be  collected. 

First,  save  a  new  copy  of  the  just-created  telegraph  equation  model  Model3_ 
TeEq_l  as  Model3_TeEq_2.  You  can  then  modify  the  telegraph  equation  model 
without  being  concerned  about  damaging  the  original  model. 
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I  FIGURE  3.45  Constants  window 

Using  the  menu  bar,  select  Options  >  Constants.  After  the  Constants  window 
appears,  type  the  expressions  indicated  in  Table  3.12  (also  see  Figure  3.45),  and  then 
click  OK. 

Boundary  Conditions 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  After  the  Boundary  Settings 
window  appears,  select  both  boundaries  1  and  2.  Enter  or  verify  the  settings  indicated 
in  Table  3.13  (also  see  Figure  3.46).  Click  OK. 

Subdomain  Settings 

The  next  step  in  building  the  revised  telegraph  equation  model  is  to  set  the  Subdomain 
Settings.  Select  Physics  >  Subdomain  Settings.  Once  the  Subdomain  Settings  window 


Table  3.13     Boundary  Settings  Window 
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I  FIGURE  3.46  Boundary  Settings  window 


appears,  select  subdomain  1.  Enter  or  verify  the  coefficient  values  under  the  correct 
tab  as  shown  in  Table  3.14.  Leave  the  other  coefficient  settings  at  their  0  value,  as 
shown  in  Figure  3.47. 

Once  the  PDE  coefficients  have  been  entered  or  verified,  click  the  Init  tab.  Type 
or  verify  the  initial  conditions  found  in  Table  3.15  in  the  edit  windows,  as  shown  in 
Figure  3.48.  Click  OK. 

Model  Reset 

Select  File  >  Reset  Model  >  Yes. 


Table  3.14    Subdomain  Settings  Window,  PDE  Coefficients 
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I  FIGURE  3.47  PDE,  Subdomain  Settings  window,  PDE  Coefficients 


Table  3.15     Initial  Conditions  Window 


u1(t0) 
u2(t0) 


Value 

exp(-3*(x/0.2-1)A2) 
0 


Mesh  Generation 

Using  the  toolbar,  select  Initialize  Mesh  >  Refine  Mesh  once.  The  final  30-element 
mesh  is  shown  in  Figure  3.49. 

Solving  the  Telegraph  Equation  Model 

Using  the  menu  bar,  select  Solve  >  Solver  Parameters.  Once  the  Solver  Parameters 
window  appears,  click  the  Time  Stepping  tab.  Place  a  check  mark  in  the  Manual  tun- 
ing of  step  size  check  box.  Type  0.002  in  the  Initial  time  step  edit  field,  as  shown  in 
Figure  3.50.  Click  OK. 

note'**'  As  mentioned  in  an  earlier  note,  the  0.002  time  step  is  selected  to  yield 
adequate  solution  resolution  without  requiring  extensive  resource  consumption 
(computer/modeler  time) . 


Using  the  menu  bar,  select  Solve  >  Solve  Problem. 
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I  FIGURE  3.48  PDE,  Coefficient  window,  Init  page 
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I  FIGURE  3.50  Solver  Parameters  window,  Time  Stepping  page 


Postprocessing 

Using  the  menu  bar,  select  Postprocessing  >  Plot  Parameters.  Once  the  Plot 
Parameters  window  appears,  click  the  General  tab.  Place  a  check  mark  in  the  Keep 
current  plot  check  box.  Select  "Solution  at  time:  0."  Click  the  Apply  button.  Select 
"Solution  at  time:  0.5."  Click  the  Apply  button,  and  then  click  OK.  Figure  3.51 
shows  the  resulting  plot  of  the  pulse  amplitude  as  it  propagates  from  left  to  right. 
Note  that  the  final  pulse  amplitude  is  0.9  as  compared  to  0.7  for  the  original  model. 

Postprocessing  Animation 

This  solution  to  the  telegraph  equation  can  also  be  viewed  as  an  animation.  To  view 
this  solution  as  a  movie,  using  the  menu  bar,  select  Postprocessing  >  Plot  Parameters. 
Once  the  Plot  Parameters  window  appears,  click  the  Animate  tab.  On  the  Animate 
page,  select  all  the  solutions  in  the  Stored  output  times  window  (see  Figure  3.52).  Click 
the  Start  Animation  button.  Save  this  telegraph  equation  model  animation  by  clicking 
on  the  disk  icon  on  the  player  screen.  Alternatively,  you  can  play  the  file  Movie3_ 
TE_2.avi  that  was  supplied  with  this  book. 
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I  FIGURE  3.52  Telegraph  equation  Plot  Parameters  window,  Animate  page 


Table  3.16    Constants  Window 
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Select  File  >  Save  as.  Type  Model3_TeEq_2  in  the  Save  As  edit  window.  Click 
the  Yes  button  to  replace  the  earlier  file. 

Second  Variation  on  the  Telegraph  Equation  Model 

The  previous  solution  to  the  telegraph  equation  shows  a  pulse  propagating  from  left  to 
right.  Let  us  now  explore  how  the  model  behaves  when  the  initial  conditions  are  mod- 
ified. In  this  case,  the  argument  is  made  larger,  reflecting  the  behavior  of  a  higher-loss 
transmission  line. 


note^  As  stated  earlier,  information  transmission  relies  on  the  measurement  of 
differences.  To  receive  a  message,  the  signal  must  be  of  detectable  amplitude  (analog) ,  of 
detectable  duration  (time),  and  in  the  pass-band  (correct  frequency  or  frequency  spread) 
of  the  receiver.  The  signal  amplitude  must  be  sufficiently  greater  than  the  detection 
threshold  and  above  the  noise  level  (on  the  average)  to  allow  information  to  be  collected. 

First,  save  a  new  copy  of  the  just-created  telegraph  equation  model  Model3_ 
TeEq_2  as  Model3_TeEq_3 .  You  can  then  modify  the  telegraph  equation  model 
without  being  concerned  about  damaging  the  just-built  model. 

Using  the  menu  bar,  select  Options  >  Constants.  After  the  Constants  window 
appears,  type  the  expressions  indicated  in  Table  3.16  (also  see  Figure  3.53),  and  then 
click  OK. 


Value 
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I  FIGURE  3.53  Constants  window 
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Table  3.17     Boundary  Settings  Window 


Parameter 

Boundary  1 

Boundary  2 
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Neumann 

Neumann 

Setting 

0 

0 

Boundary  Conditions 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  After  the  Boundary  Settings 
window  appears,  select  both  boundaries  1  and  2.  Enter  or  verify  the  settings  indicated 
in  Table  3.17,  as  shown  in  Figure  3.54.  Click  OK. 

Subdomain  Settings 

The  next  step  in  building  the  revised  telegraph  equation  model  is  to  set  the  Subdomain 
Settings.  Select  Physics  >  Subdomain  Settings.  Once  the  Subdomain  Settings  window 
appears,  select  subdomain  1.  Enter  or  verify  the  coefficient  values  under  the  correct 
tab  as  shown  in  Table  3.18.  Leave  the  other  coefficient  settings  at  their  0  value,  as 
shown  in  Figure  3 .55 . 

Once  the  PDE  coefficients  have  been  entered  or  verified,  click  the  Init  tab.  Type 
or  verify  the  initial  conditions  found  in  Table  3.19  in  the  edit  windows,  as  shown  in 
Figure  3.56.  Click  OK. 
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I  FIGURE  3.54  Boundary  Settings  window 
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Table  3.18     Subdomain  Settings  Window,  PDE  Coefficients 
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I  FIGURE  3.55  PDE,  Subdomain  Settings  window,  PDE  Coefficients 


Table  3.19     Initial  Conditions  Window 


Initial  Condition 

Value 

u1(t0) 
u2(t0) 

exp(-3*(x/0.2-1)A2) 
0 
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I  FIGURE  3.56  PDE,  Coefficient  window,  Init  page 


Model  Reset 

Select  File  >  Reset  Model  >  Yes. 
Mesh  Generation 

Using  the  tool  bar,  select  Initialize  Mesh  >  Refine  Mesh  once.  The  final  30-element 
mesh  is  shown  in  Figure  3.57. 


I  FIGURE  3.57  Telegraph  equation  model  mesh 
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I  FIGURE  3.58  Solver  Parameters  window,  Time  Stepping  page 


Solving  the  Telegraph  Equation  Model 

Using  the  menu  bar,  select  Solve  >  Solver  Parameters.  Once  the  Solver  Parameters 
window  appears,  click  the  Time  Stepping  tab.  Place  a  check  mark  in  the  Manual  tun- 
ing of  step  size  check  box.  Enter  or  verify  0.002  in  the  Initial  time  step  edit  field,  as 
shown  in  Figure  3.58.  Click  OK. 

note^  As  mentioned  in  an  earlier  note,  the  0.002  time  step  is  selected  to  yield 
adequate  solution  resolution  without  requiring  extensive  resource  consumption 
(computer/modeler  time) . 

Using  the  menu  bar,  select  Solve  >  Solve  Problem.  The  solution  for  the  final  time 
interval  is  as  shown  in  Figure  3.59. 

Postprocessing 

Using  the  menu  bar,  select  Postprocessing  >  Plot  Parameters.  Once  the  Plot 
Parameters  window  appears,  click  the  General  tab.  Place  a  check  mark  in  the  Keep 
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I  FIGURE  3.59  Telegraph  equation  solution,  final  time  interval 

current  plot  check  box.  Select  "Solution  at  time:  0."  Click  the  Apply  button.  Select 
"Solution  at  time:  0.5."  Click  the  Apply  button,  and  then  click  OK.  Figure  3.60  shows 
the  resulting  plot  of  the  pulse  amplitude  as  it  propagates  from  left  to  right. 

Postprocessing  Animation 

This  solution  to  the  telegraph  equation  can  also  be  viewed  as  an  animation.  To  view 
this  solution  as  a  movie,  using  the  menu  bar,  select  Postprocessing  >  Plot  Parameters. 
Once  the  Plot  Parameters  window  appears,  click  the  Animate  tab.  On  the  Animate 
page,  select  all  the  solutions  in  the  Stored  output  times  window  (see  Figure  3.61). 
Click  the  Start  Animation  button.  Save  this  telegraph  equation  model  animation  by 
clicking  on  the  disk  icon  on  the  player  screen.  Alternatively,  you  can  play  the  file 
Movie3_TE_3.avi  that  was  supplied  with  this  book. 

Select  File  >  Save  as.  Type  Model3_TeEq_3  in  the  Save  As  edit  window.  Click 
the  Yes  button  to  replace  the  earlier  file. 

1D  Telegraph  Equation  Models:  Summary  and  Conclusions 

The  telegraph  equation  is  a  powerful  tool  that  can  be  used  to  model  wave  propagation 
in  diverse  transmission  lines.  It  can  be  used  to  thoroughly  characterize  the  propaga- 
tion conditions  of  coaxial  lines,  twin  pair  lines,  microstrip  lines,  and  more.  The  tele- 
graph equation  is  easily  and  simply  modeled  with  a  ID  PDE  mode  model. 
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I  FIGURE  3.60  Telegraph  equation  pulse  amplitude  plot,  high-loss  line 
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■  Exercises 

1 .  Build,  mesh,  and  solve  the  ID  KdV  equation  problem  presented  in  this  chapter. 

2.  Build,  mesh,  and  solve  the  first  variation  of  the  KdV  equation  problem  presented 
in  this  chapter. 

3.  Build,  mesh,  and  solve  the  second  variation  of  the  KdV  equation  problem  pre- 
sented in  this  chapter. 

4.  Build,  mesh,  and  solve  the  telegraph  equation  problem  presented  in  this  chapter. 

5.  Build,  mesh,  and  solve  the  first  variation  of  the  telegraph  equation  problem  pre- 
sented in  this  chapter. 

6.  Build,  mesh,  and  solve  the  second  variation  of  the  telegraph  equation  problem 
presented  in  this  chapter. 

7.  Explore  other  variations  of  the  arguments  in  the  KdV  equation  model. 

8.  Explore  other  variations  of  the  arguments  in  the  telegraph  equation  model. 

9.  Explore  the  role  that  characteristic  impedance  plays  in  transmission  lines. 
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■  2D  Guidelines  for  New  COMSOL®  Multiphysics®  Modelers  

2D  Modeling  Considerations 

2D  modeling  can  be  less  difficult  than  ID  modeling,  having  fewer  implicit  assump- 
tions, and  yet  potentially  can  still  be  a  challenging  type  of  model  to  build,  depending 
on  the  underlying  physics  involved,  irrespective  of  the  modeling  software  utilized. 
The  least  difficult  aspect  of  2D  model  building  arises  from  the  fact  that  the  geometry 
is  relatively  simple:  In  a  2D  model,  the  modeler  has  only  a  single  plane  as  the  model- 
ing space.  However,  the  physics  in  a  2D  model  can  range  from  relatively  easy  to 
extremely  complex. 

note*""'  COMSOL®  Multiphysics®  software  has  two  2D  modeling  modes:  2D 
(beginning-level  through  advanced-level  2D  modeling)  and  2D  Axisymmetric 
(advanced-level  2D  modeling).  In  keeping  with  the  introductory  focus  of  the  material  in 
this  text,  both  model  types,  their  associated  physics,  and  the  related  methodology  for 
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use  of  the  models,  are  introduced  in  Chapters  4  and  5.  Significantly  more  advanced 
2D  modeling  techniques  exist  than  are  presented  in  these  two  chapters.  Examples  of 
some  of  those  more  challenging  techniques  are  reserved  for  introduction  in  Chapters  6 
and  7.  For  further  expansion  of  the  2D  modeling  horizons,  refer  to  the  COMSOL 
manuals,  the  COMSOL  Website,  and  the  general  COMSOL  Multiphysics  software- 
related  research  literature. 


The  2D  model  implicitly  assumes,  in  compliance  with  the  laws  of  physics,  that  the 
energy  flow,  the  materials  properties,  the  environment,  and  any  other  conditions  and 
variables  that  are  of  interest  are  homogeneous,  isotropic,  and  constant,  unless  other- 
wise specified,  throughout  the  entire  domain  of  interest,  both  within  the  model  and, 
through  the  boundary  conditions,  in  the  environs  of  the  model.  Bearing  that  in  mind, 
the  modeler  needs  to  ensure  that  all  of  the  modeling  conditions  and  associated  param- 
eters (default  settings)  in  each  new  model  created  have  been  properly  considered, 
defined,  or  set  to  the  appropriate  values. 

The  modeler  also  needs  to  seriously  consider  the  steps  that  will  be  required  in 
properly  establishing  the  correct  postprocessing  and  visualization  settings  to  extract 
the  desired  information  from  the  modeling  solution.  The  default  parameter  settings  on 
any  given  model  will  probably  not  present  exactly  the  information  that  the  modeler 
needs  or  desires,  although  it  will  probably  come  close.  It  is  the  responsibility  of  the 
modeler  to  determine  exactly  which  of  the  myriad  of  postprocessing  and  visualization 
choices  available  in  the  COMSOL  Multiphysics  software  to  employ. 

note^  It  is  always  preferable  for  the  modeler  to  be  able  to  accurately  anticipate  the 
expected  behavior  (results)  of  the  model  and  the  way  in  which  those  results  should 
be  presented.  Never  assume  that  the  default  values  that  are  initially  present  when  the 
model  is  first  created  will  suit  the  needs  of  a  new  model.  Always  verify  that  the 
values  employed  in  the  model  are  the  correct  values  needed  for  that  model. 
Calculated  solution  values  that  significantly  deviate  from  the  expected  values  or 
from  comparison  values  measured  in  experimentally  derived  realistic  models  are 
probably  indicative  of  one  or  more  modeling  errors  either  in  the  original  model 
design,  in  the  earlier  model  analysis,  or  in  the  understanding  of  the  underlying 
physics,  or  are  simply  due  to  human  error. 


Coordinate  System 

In  2D  models,  there  are  three  coordinates:  space  (x),  space  (y),  and  time  (t).  In  a  steady- 
state  solution  to  a  2D  model,  parameters  can  vary  only  as  a  function  of  position  in  the 
space  (x)  and  space  (y)  coordinates.  Such  a  2D  model  represents  the  parametric  con- 
dition of  the  model  in  a  time-independent  mode  (quasi-static).  In  a  transient  solution 
model,  parameters  can  vary  both  by  position  in  space  (x)  and  space  (y),  and  in  time  (?)■ 
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The  transient  solution  model  is  essentially  a  sequential  collection  of  steady-state 
(quasi-static)  solutions.  The  space  coordinates  (x)  and  (y)  typically  represent  a  distance 
coordinate  throughout  which  the  model  is  to  calculate  the  change  of  the  specified 
observables  (i.e.,  temperature,  heat  flow,  pressure,  voltage,  current)  over  the  range  of 
values  (xmin<  =  x  <  =  xmax)  and  (ymin<  =  y  <  =  ymax).  The  time  coordinate  (t)  represents 
the  range  of  values  (?min  <  =  t  <  =  fmax)  from  the  beginning  of  observation  period  (?min) 
to  the  end  of  observation  period  (fmax). 

To  assist  the  reader  to  achieve  a  broader  exposure  to  the  applicability  of  the  physics 
discussed  here  and  to  demonstrate  the  power  of  the  basic  COMSOL  2D  modeling  tech- 
niques, the  modeling  examples  in  this  chapter  illustrate  techniques  from  two  substan- 
tially different,  but  important  and  widely  applied  technologies  currently  employed  in 
applied  engineering  and  physics.  The  first  example  presented,  electropolishing,  explores 
the  modeling  of  a  processing  methodology  utilized  in  the  fabrication  and  finishing  of 
many  metallic  objects  that  require  a  smooth  surface  (e.g.,  microscope  samples,  precision 
metal  parts,  medical  equipment  and  tools,  large  and  small  metal  drums,  thin  analytical 
samples,  vacuum  chambers).  The  second  example,  the  Hall  effect  (a  magnetic  sensor 
technology),  explores  the  behavior  of  currents  (electrons  or  holes)  flowing  in  a  semi- 
conducting material  (e.g.,  Si,  Ge)  under  the  influence  of  an  external  magnetic  field. 


■  2D  Electrochemical  Polishing  (Electropolishing)  Theory 

Electrochemical  polishing1  (also  known  as  electropolishing2)  is  a  well-known  process  in 
the  metal  finishing  industry.  It  allows  the  finished  surface  smoothness  of  a  conducting 
material  to  be  cleanly  controlled  to  a  high  degree  of  precision,  using  relatively  simple 
processing  equipment.  The  electrochemical  polishing  technique  eliminates  the  abrasive 
residue  typically  present  on  the  polished  surface  from  a  mechanical  polishing  process; 
it  also  eliminates  the  need  for  complex,  mechanical  polishing  machinery. 


note^  The  science  of  electricity,  and  consequently  that  of  electrochemistry,  started  with 
the  work  of  William  Gilbert  through  his  study  of  magnetism.  Gilbert  first  published  his 
studies  in  1600. 3  Charles-Augustin  de  Coulomb,4  Joseph  Priestley,5  Georg  Ohm,6  and 
others  made  additional  independent  contributions  that  furthered  the  basic  understanding 
of  the  nature  of  electricity  and  electrochemistry.  Those  contributions  led  to  the  discovery 
and  disclosure  by  Michael  Faraday7  of  his  two  laws  of  electrochemistry  in  1832. 


The  numerical  solution  model  for  electrochemical  polishing  was  originally 
developed  by  COMSOL  for  distribution  with  the  Multiphysics  software  as  a 
COMSOL  Multiphysics  electromagnetics  model.  This  model  introduces  two 
important  basic  concepts,  the  first  in  applied  physics  and  the  second  in  applied 
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modeling:  (1)  electropolishing  and  (2)  the  moving  mesh  (ALE  =  arbitrary 
Lagrangian-Eulerian8).  The  electrochemical  polishing  model  built  in  this  chapter 
is  substantially  the  same  as  presented  in  the  COMSOL  Model  Library.  In  this 
chapter,  following  development  of  the  first  model,  variations  and  expansions  on 
the  basic  electrochemical  polishing  model  are  explored. 

note^  It  is  important  for  the  new  modeler  to  personally  build  each  model  presented 
within  this  text.  There  is  no  substitute  in  the  path  to  an  understanding  of  the  modeling 
process  for  the  hands-on  experience  of  actually  building,  meshing,  solving,  and 
postprocessing  a  model.  Many  times  the  inexperienced  modeler  will  make  and 
subsequently  correct  errors,  adding  to  his  or  her  experience  and  fund  of  modeling 
knowledge.  Even  building  the  simplest  model  will  expand  the  modeler's  fund  of 
knowledge. 

Polishing  (smoothing)  of  a  material  surface,  via  either  mechanical  or  electro- 
chemical means,  results  from  the  reduction  of  asperities  (bumps)  to  achieve  a  nomi- 
nally smooth  surface  (uniform  thickness  ±  A  thickness).  In  a  mechanical  polishing 
technique,  the  reduction  of  asperities  occurs  through  the  use  of  finer  (smaller)  and 
finer  grit  (abrasive)  sizes.  The  mechanical  polishing  of  many  surfaces  is  difficult,  if 
not  impossible,  owing  to  the  complexity  and/or  physical  size  of  such  surfaces.  Figure 
4.1  shows  a  simple  asperity,  as  will  be  modeled  in  this  section  of  the  chapter. 

The  surface  of  the  electrode,  using  this  method,  is  polished  by  the  differential 
removal  of  material  from  local  asperities  in  selected  areas,  accomplished  through  the 
immersion  of  the  nominally  rough  electrode  in  an  electrolyte  and  the  application  of  a 
current  (electron  bombardment).  A  first-order  approximation  to  the  experimentally 
observed  material  removal  process  is  that  the  rate  (velocity)  of  material  removal  (U) 
from  the  electrode  surface  is  proportional  to  the  amplitude  of  the  current  and  direction 
of  the  current  J,  relative  to  the  local  surface  normal  vector  n  (see  Figure  4.2): 


U  =  -K*Jn  =  -K*J, 


l! 


(4.1) 


Electrode  B 


Applied  Potential  V=  30  V 


L 


Electrolyte 


Bump 


Electrode  A 

I  FIGURE  4.1  2D  An  asperity  (bump)  on  an  electrode 


Ground 
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Electrode  B  Applied  Potential  V  =  30  V 
 *  I  


Electrolyte 


Bump 


Electrode  A  Ground 
I  FIGURE  4.2  Surface  normal  vector  n  and  the  current  vector  J 


note^  The  electropolishing  technique,  to  a  first  approximation,  is  the  inverse  of 
electroplating.  As  a  result,  the  rate  of  removal  of  material  (velocity  =  U)  from  the 
nominally  rough  surface  of  the  positive  electrode  is  proportional  to  the  normal  current 
density  at  the  positive  electrode  surface,  as  shown  in  equation  4.1 . 

The  exact  value  of  the  proportionality  constant  (K)  in  physical  applications  (e.g., 
research  experiments,  processing)  is  determined  by  the  electrode  material,  the  electrolyte, 
the  temperature,  and  other  factors,  and,  to  some  extent,  will  be  explored  in  later  examples 
in  this  chapter. 


For  this  model,  the  proportionality  constant  is  chosen  to  be 


where       m  =  meters 
A  =  amperes 
s  =  seconds 


K  =  1.0  X  10"um3/(A*s) 


(4.2) 


Obviously,  because  material  is  removed  from  the  positive  electrode  during  the 
electropolishing  process,  the  spacing  between  the  upper  and  lower  electrodes  will 
increase.  The  time  rate  of  change  of  the  model  geometry  (electrode  spacing)  needs  to 
be  accommodated  somewhere  within  the  model.  The  Moving  Mesh  (ALE  =  arbitrary 
Lagrangian-Eulerian)  Application  Mode  accommodates  that  time  rate  of  change, 
resulting  from  the  normal  current  (Jn)  flowing  in  the  electrolyte  during  the  quasi-static 
use  of  the  Conductive  Media  DC  Application  Mode. 


note^  The  Moving  Mesh  Application  Mode  allows  the  modeler  to  create  models  in 
which  the  physics  of  the  process  introduces  and  controls  geometric  changes  in  the 
model.  However,  the  modeler  must  know  and  work  carefully  within  the  limits  of  the 
modeling  system.  The  Moving  Mesh  Application  Mode  is  a  powerful  tool.  However, 
the  calculated  mesh  parameters  can  drift,  as  the  mesh  is  deformed  and  ultimately  lead  to 
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I  FIGURE  4.3  2D  ElectropolishingJ  Model  Navigator  setup 


nonphysical,  nonconvergent  results.  Avoidance  of  such  nonphysical  results  requires  the 
modeler  to  understand  the  basic  physics  of  the  modeled  problem  and  to  choose  the 
meshing  method  that  yields  the  best  overall  results. 


COMSOL  2D  Electrochemical  Polishing  Model  

To  start  building  the  Electropolishing_l  model,  activate  the  COMSOL  Multiphysics 
software.  In  the  Model  Navigator,  select  "2D"  from  the  Space  dimension  pull-down 
list.  Select  COMSOL  Multiphysics  >  Deformed  Mesh  >  Moving  Mesh  (ALE)  > 
Transient  analysis.  Click  the  Multiphysics  button,  and  then  click  the  Add  button. 

From  the  Application  Modes  list,  select  COMSOL  Multiphysics  >  Electromagnetics  > 
Conductive  Media  DC.  Click  the  Add  button.  See  Figure  4.3.  Click  OK. 


Table  4.1     Constants  Edit  Window 


1 .0e-1 1  [m*3/(A*s)] 


Coefficient  of  proportionality 
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Name 

Expression 

Value 

Description 

K 

1.0e-ll  [mA3/(A"s>] 

(le-ll)[m3/(s  A)| 

Coefficient  of  proportionality  ff. 

I 

&  H  (    Help    )    (   Apply   )    (  Cancel  ) 

I  FIGURE  4.4    2D  ElectropolishingJ  model  Constants  edit  window 


/a 


Using  the  menu  bar,  select  Options  >  Constants.  In  the  Constants  edit  window, 
enter  the  information  shown  in  Table  4.1;  see  Figure  4.4.  Click  OK. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  Enter  a  width  of 
2.8  and  a  height  of  0.4.  Select  "Base:  Corner"  and  set  X  equal  to  —  1 .4  and  Y  equal  to 
0  in  the  Rectangle  edit  window.  See  Figure  4.5. 

Click  the  Apply  button,  and  then  click  OK.  See  Figure  4.6. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Circle.  Enter  a  radius  of  0.3. 
Select  "Base:  Center"  and  set  X  equal  to  0  and  Y  equal  to  0.6  in  the  Circle  edit  window. 
See  Figure  4.7. 

Click  the  Apply  button,  and  then  click  OK.  See  Figure  4.8. 

Select  both  the  rectangle  and  the  circle  by  clicking  on  the  rectangle  and  Shift- 
clicking  on  the  circle.  See  Figure  4.9. 

Click  the  Difference  button  on  the  Draw  toolbar  to  remove  the  overlapping  por- 
tion of  the  circle  from  the  rectangle.  The  upper  surface  of  the  electrolyte  rectangle 


Rotation  angle 


Style.  _ 


Solid 


(    Help    )    (   Apply   )    (  Cancel  ) 


(degrees) 


I  FIGURE  4.5    2D  ElectropolishingJ  model  Rectangle  edit  window 
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I  FIGURE  4.7    2D  ElectropolishingJ  model  Circle  edit  window 
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I  FIGURE  4.10  2D  ElectropolishingJ  model  electrode  with  asperity 

(COl)  is  the  lower  surface  of  the  electrode,  with  the  asperity,  that  will  be  electropol- 
ished.  See  Figure  4.10. 

note^  The  model  geometry,  as  presently  scaled,  is  1 .4  meters  in  length  and  0.4  meter 
in  height.  Electropolishing  is  typically  applied  as  the  final  finishing  (smoothing)  step  in 
a  precision  fabrication  process  (e.g.,  metallographic  samples,  vacuum  chambers) .  Thus 
the  model  geometry  will  need  to  be  reduced  in  scale  to  emulate  reality. 


Click  on  the  text  "COl ."  Next,  click  the  Scale  button  on  the  Draw  toolbar.  Enter 
le-3  in  both  the  X  and  Y  Scale  factor  edit  windows.  See  Figure  4.11 .  Click  OK. 
Click  the  Zoom  Extents  button  on  the  menu  bar.  See  Figure  4.12. 


I  FIGURE  4.11  2D  ElectropolishingJ  model  Scale  edit  window 
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I  FIGURE  4.12  2D  ElectropolishingJ  model  scaled  electrolyte/electrode  geometry 


Physics  Subdomain  Settings:  Conductive  Media  DC 

Having  established  the  2D  geometry  for  the  electrochemical  polishing  model  (a  rec- 
tangle with  a  negative  asperity  on  the  upper  surface) ,  the  next  step  is  to  define  the  fun- 
damental physics  conditions.  Using  the  menu  bar,  select  Multiphysics  >  Conductive 
Media  DC.  Next,  using  the  menu  bar,  select  Physics  >  Subdomain  Settings.  Select  sub- 
domain  1  in  the  Subdomain  selection  window  (the  only  available  subdomain). 

Enter  10  in  the  Electric  conductivity  (a)  edit  window.  See  Figure  4.13.  Click  OK. 

Physics  Boundary  Settings:  Conductive  Media  DC 

Using  the  menu  bar,  Select  Physics  >  Boundary  Settings.  For  the  indicated  boundaries, 
select  and/or  enter  the  given  boundary  condition  and  value  as  shown  in  Table  4.2,  and 
then  click  OK.  See  Figure  4.14. 


Table  4.2     Subdomain  Settings,  Conductive  Media  DC  Window 


1,  5 

Electric  insulation 

3,  4,  6  ,7 

Electric  potential 

30 

2 

Ground 
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Equation 
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f  Physics      Init  Element 


Material  properties  and  sources 


Library  material:   1  C  ' 
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Quantity 
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d 


Conductivity  relation:   '  Conductivity 
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A/m2     External  current  density 

A/mB     Current  source 


S/m       Electric  conductivity 


(    Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  4.13  Subdomain  Settings  window 


I  FIGURE  4.14  2D  ElectropolishingJ  model  Boundary  Settings,  Conductive  Media  DC:  boundaries  set 
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Table  4.3     Boundary  Settings,  Moving  Mesh  (ALE)  Window 


Boundary 

Coordinate 

Boundary  Condition 

1,  5 

Global 

Mesh  velocity 

vx 

=  0 

3,  4,  6,  7 

Tangent  and  normal 

Mesh  velocity 

vn 

=  -K*nJ_dc 

Deformed  mesh 

2 

Global 

Mesh  displacement 

dx 

=  0,  dy  =  0 

Physics  Boundary  Settings:  Moving  Mesh  (ALE) 

Using  the  menu  bar,  select  Multiphysics  >  Moving  Mesh  (ALE).  Next,  using  the  menu 
bar,  select  Physics  >  Boundary  Settings.  For  the  indicated  boundaries,  select  and/or 
enter  the  given  boundary  condition  and  value  as  shown  in  Table  4.3,  and  then  click 
OK.  See  Figure  4.15. 

Mesh  Generation 

On  the  menu  bar,  click  the  Initialize  Mesh  button  once. 

Click  the  Refine  Mesh  button  once.  This  results  in  a  mesh  of  approximately  700 
elements. 

Click  OK.  See  Figure  4.16. 

Solving  the  2D  Electrochemical  Polishing  Model 

Using  the  menu  bar,  select  Solve  >  Solver  Parameters.  The  COMSOL  Multiphysics 
software  automatically  selects  the  Time  dependent  solver.  Enter  0:1:10  (typical  values) 
in  the  Times  edit  window,  as  shown  in  Figure  4.17.  This  instruction  causes  the  Solver 
to  divide  the  modeling  time-space  into  10  equal  intervals,  over  the  period  from  0  to 
10  seconds.  Click  the  Apply  button,  and  then  click  OK. 
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I  FIGURE  4.15  2D  ElectropolishingJ  model  Boundary  Settings,  Moving  Mesh  (ALE):  boundaries  3, 4, 6, 7  win- 
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I  FIGURE  4.16  2D  ElectropolishingJ  model  mesh 
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I  FIGURE  4.17  2D  ElectropolishingJ  model  Solver  Parameters  window 
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note^  The  COMSOL  Multiphysics  software  automatically  selects  the  solver  best 
suited  for  the  particular  model  based  on  the  overall  evaluation  of  the  model.  The 
modeler  can,  of  course,  always  change  the  chosen  solver  and  the  parametric  settings.  It 
is  usually  best  to  try  the  selected  solver  and  default  settings  first  to  determine  how  well 
they  work.  Then,  once  the  model  has  been  run,  the  modeler  can  try  a  variation  on  the 
model  parameter  space  to  seek  improved  results. 

Using  the  menu  bar,  select  Solve  >  Solve  Problem. 
Postprocessing 

Select  Postprocessing  >  Plot  Parameters.  Click  the  Surface  tab,  and  verify  that  the 
Surface  plot  check  box  is  checked. 

From  the  Predefined  quantities  drop-down  list,  select  "Conductive  Media  DC  (dc)  > 
Total  current  density,  norm."  See  Figure  4.18. 
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I  FIGURE  4.18  2D  Electropol ishing_1  model  Plot  Parameters  window,  Surface  page 
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I  FIGURE  4.19  2D  Electropol ishing_1  model  Surface  plot  window 


Click  OK.  See  Figure  4.19. 

In  Figure  4.19,  the  model  calculation  shows  that  the  maximum  current  density  is 
approximately  0.92e5  A/m2,  in  the  region  of  the  asperity.  Figure  4.19  also  shows  that  the 
normal  current  density  (Jn)  concentrated  in  the  region  of  the  asperity  is  approximately 
1 .5  times  the  normal  current  density  elsewhere  on  the  electrode  surface.  As  a  result,  the 
removal  rate  of  the  electrode  material  will  be  approximately  1.5  times  as  high. 

To  see  the  change  in  the  position  of  the  electrode  surface  and  the  relative  removal 
of  material  from  the  asperity,  first  select  Postprocessing  >  Plot  Parameters.  Next,  click 
the  Surface  tab,  and  verify  that  the  Surface  plot  check  box  is  checked. 

From  the  Predefined  quantities  drop-down  list,  select  "Moving  Mesh  (ALE)  (ale)  > 
y-displacement."  See  Figure  4.20. 

Click  OK.  Figure  4.21  shows  the  displacement  of  the  electrode  surface  in  the  y- 
direction  (dy_ale)  after  10  seconds  of  electropolishing. 

In  Figure  4.21,  the  model  calculation  shows  that  the  maximum  displacement  of 
the  electrode  surface  in  the  y-direction  (dy_ale)  after  10  seconds  of  electropolishing  is 
approximately  1.08e-4  m  (0.108  mm),  in  the  region  of  the  asperity. 
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I  FIGURE  4.20  2D  ElectropolishingJ  model  Surface  plot  window:  Moving  Mesh  (ALE)  (ale), 
y  displacement  (dy_ale) 


note^  The  result  of  the  modeling  calculation  is  approximately  1  .le-4  m.  Calculating 
the  estimated  result  on  a  "first  principles"  basis: 

d  =  \U\At  =  K\jn\At  =  ( HT11—  Vfl06AV(lO's)  =  l(T4m  (4.3) 
V        A*s/  V     m  / 

This  agrees  well  with  the  results  of  the  model. 
Postprocessing  Animation 

This  solution  to  the  2D  electrochemical  polishing  model  can  also  be  viewed  as  an  ani- 
mation. To  view  the  solution  as  a  movie,  using  the  menu  bar,  select  Postprocessing  > 
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I  FIGURE  4.21  2D  Electropol ishi ng_1  model  Surface  plot  window:  Moving  Mesh  (ALE)  (ale), 
y  displacement  (dy_ale) 


Plot  Parameters.  Once  the  Plot  Parameters  window  appears ,  click  the  Animate  tab.  On 
the  Animate  page,  select  all  the  solutions  in  the  Stored  output  times  window  (see 
Figure  4.22).  Click  the  Start  Animation  button.  Save  this  2D  electrochemical  polish- 
ing model  animation  by  clicking  on  the  disk  icon  on  the  player  screen.  Alternatively, 
you  can  play  the  file  Movie4_EP_l  avi  that  was  supplied  with  this  book. 

First  Variation  on  the  2D  Electrochemical  Polishing  Model 


note^  This  model  will  explore  the  effect  of  the  mesh  element  type  (triangle, 
quadrilateral  [quad])  on  the  ultimate  values  determined  by  the  calculated  solution.  Both 
the  model  geometry  and  the  model  mesh  play  major  roles  in  the  ease  of  solving  any 
particular  problem. 


To  start  building  the  Electropolishing_2  model,  activate  the  COMSOL 
Multiphysics  software.  In  the  Model  Navigator,  select  "2D"  from  the  Space  dimen- 
sion pull-down  list.  Select  COMSOL  Multiphysics  >  Deformed  Mesh  >  Moving 
Mesh  (ALE)  >  Transient  analysis.  Click  the  Multiphysics  button,  and  then  click  the 
Add  button. 
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I  FIGURE  4.22  2D  ElectropolishingJ  model  animation  Plot  Parameters  window 


Using  the  Application  Modes  list,  select  COMSOL  Multiphysics  > 
Electromagnetics  >  Conductive  Media  DC.  Click  the  Add  button.  See  Figure  4.23. 

Click  OK.  Using  the  menu  bar,  select  Options  >  Constants.  In  the  Constants  edit 
window,  enter  the  information  shown  in  Table  4.4;  see  Figure  4.24. 


Table  4.4     Constants  Edit  Window 


K  1  .Oe-1 1  [mA3/(A*s)]  Coefficient  of  proportionality 


132 


Chapter  4    2D  Modeling 


Model  Navigator 


Model  Library      User  Models  Open 


Settings  1 


Space  dimension 


^  Application  Modes 
▼  S|  COMSOL  Multiphasics 

►  (_j  Acoustics 

►  ||  Convection  and  Diffusion 
▼  a  Electromagnetics 

Q|_ 

|  Electrostatics 
Qj  Magnetostatics 
Q)  AC  Power  Electromagnetics 

►  _  riutd  Dynam  cs 

►  Heat  Transfer 

►  Q  Structural  Mechanics 

►  CjlPDE  Modes 


Multip 


Dependent  variables 
Application  mode  name: 
Element: 


V2 


dc2 

u 


Add 


Remove 


|  Ceoml  (2D) 
0  Frame  (ale) 

Q]  Moving  Mesh  (ALE)  (ale) 

□r 


onductivc  Media  DC  (dc 


Dependent  variables  V 
C  Application  Mode  Propertie...  ) 

(  Add  Geometry.,.  ) 


Add  Frame... 


Ruling  application  mode: 


Moving  Mesh  I  ALE)  (ale) 


I  FIGURE  4.23  2D  Electropolishing_2  Model  Navigator  setup 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  Enter  a  width  of 
2.8  and  a  height  of  0.4.  Select  "Base:  Corner"  and  set  X  equal  to  —  1 .4  and  Y  equal  to 
0  in  the  Rectangle  edit  window.  See  Figure  4.25. 

Click  the  Apply  button,  and  then  click  OK.  See  Figure  4.26. 


I  FIGURE  4.24  2D  Electropolishing_2  model  Constants  edit  window 
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I  FIGURE  4.25  2D  Electropol ishing_2  model  Rectangle  edit  window 
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I  FIGURE  4.26  2D  Electropolishing_2  model  electrolyte  rectangle 
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I  FIGURE  4.27  2D  Electropolishing_1 2  model  Circle  edit  window 


Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Circle.  Enter  a  radius  of  0.3. 
select  "Base:  Center"  and  set  X  equal  to  0  and  Y  equal  to  0.6  in  the  Circle  edit  window. 
See  Figure  4.27. 

Click  OK.  See  Figure  4.28. 

Select  both  the  rectangle  and  the  circle  by  clicking  on  the  rectangle  and  Shift- 
clicking  on  the  circle.  See  Figure  4.29. 

Click  the  Difference  button  on  the  Draw  toolbar  to  remove  the  overlapping  portion 
of  the  circle  from  the  rectangle.  The  upper  surface  of  the  electrolyte  rectangle  (COl) 
is  the  lower  surface  of  the  electrode,  with  the  asperity,  that  will  be  electropolished.  See 
Figure  4.30. 


I  FIGURE  4.28  2D  ElectropolishingJ  2  model  rectangle  and  circle 
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I  FIGURE  4.31  2D  Electropol ishing_1 2  model  Scale  edit  window 


note^  The  model  geometry,  as  presently  scaled,  is  1 .4  meters  in  length  and  0.4  meter 
in  height.  Electropolishing  is  typically  applied  as  the  final  finishing  (smoothing)  step  in 
a  precision  fabrication  process  (e.g.,  metallographic  samples,  vacuum  chambers).  Thus 
the  model  geometry  will  need  to  be  reduced  in  scale  to  emulate  reality. 

Click  on  the  text  "COL"  Click  the  Scale  button  on  the  Draw  toolbar.  Enter  le-3 
in  both  the  X  and  Y  text  boxes  in  the  Scale  factor  edit  windows.  See  Figure  4.31 . 
Click  OK,  and  then  click  the  Zoom  Extents  button  on  the  menu  bar.  See  Figure  4.32. 


I  FIGURE  4.32  2D  Electropolishing_12  model  scaled  electrolyte/electrode  geometry 
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I  FIGURE  4.33  Subdomain  Settings  window 

Physics  Subdomain  Settings:  Conductive  Media  DC 

Having  established  the  2D  geometry  for  the  electrochemical  polishing  model  (a  rec- 
tangle with  a  negative  asperity  on  the  upper  surface) ,  the  next  step  is  to  define  the  fun- 
damental physics  conditions.  Using  the  menu  bar,  select  Multiphysics  >  Conductive 
Media  DC.  Next,  using  the  menu  bar,  select  Physics  >  Subdomain  Settings.  Select  sub- 
domain  1  in  the  Subdomain  selection  window  (the  only  available  subdomain).  Enter  10 
in  the  Electric  conductivity  (ct)  edit  window.  See  Figure  4.33.  Click  OK. 

Physics  Boundary  Settings:  Conductive  Media  DC 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  For  the  indicated  boundaries, 
select  and/or  enter  the  given  boundary  condition  and  value  as  shown  in  Table  4.5.  See 
Figures  4.34, 4.35,  and  4.36. 


Table  4.5     Boundary  Settings,  Conductive  Media  DC  Window 
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Electric  potential 

30 
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Ground 
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I  FIGURE  4.34  Boundary  Settings  (1,5),  Conductive  Media  DC:  boundaries  set 


Click  OK.  See  Figure  4.37. 
Physics  Boundary  Settings:  Moving  Mesh  (ALE) 

Using  the  menu  bar,  select  Multiphysics  >  Moving  Mesh  (ALE).  Next,  using  the  menu 
bar,  select  Physics  >  Boundary  Settings.  For  the  indicated  boundaries,  select  and/or 
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I  FIGURE  4.35  Boundary  Settings  (3,  4,  6,  7),  Conductive  Media  DC:  boundaries  set 
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I  FIGURE  4.36  Boundary  Settings  (2),  Conductive  Media  DC:  boundaries  set 


I  FIGURE  4.37  Boundary  Settings  (1,5  =  blue;  3,  4,  6,  7  =  green;  2  =  red),  Conductive  Media  DC: 
boundaries  set 
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Table  4.6     Boundary  Settings,  Moving  Mesh  (ALE)  Window 


Boundary 

Coordinate 

Boundary  Condition 

Value/Expression 

1,  5 

Global 

Mesh  velocity 

vx  =  0 

3,  4,  6,  7 

Tangent  and  normal 

Mesh  velocity 

vn  =  -K*nJ_dc 

Deformed  mesh 
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Global 

Mesh  displacement 

dx  =  0,  dy  =  0 

enter  the  given  boundary  condition  and  value  in  the  edit  windows  as  indicated  in  Table 
4.6.  See  Figure  4.38, 4.39,  and  4.40. 

Click  OK.  Figure  4.41  shows  the  Boundary  Settings,  Moving  Mesh  (ALE) 
options  organized  by  color. 

Mesh  Generation 

From  the  menu  bar,  select  Mesh  >  Free  Mesh  Parameters.  Click  the  Subdomain  tab. 
Select  subdomain  1  in  the  Subdomain  selection  window.  Enter  4e-5  in  the  Maximum  ele- 
ment size  edit  window.  Select  "Quad"  from  the  Method  drop-down  list.  See  Figure  4.42. 


note^  The  model  default  mesh,  in  the  COMSOL  Multiphysics  software,  is  the 
triangular  mesh.  The  triangular  mesh  is  simpler  and  generates  fewer  parameters  to 
calculate.  However,  the  quad  mesh  may  be  a  better  mathematical  fit  to  the  model  for 
which  a  solution  is  sought.  The  modeler  needs  to  decide  the  most  appropriate  choice  for 
the  model  under  consideration. 
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I  FIGURE  4.38  Boundary  Settings  (1 ,  5),  Moving  Mesh  (ALE):  Boundaries  window 
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I  FIGURE  4.39  Boundary  Settings  (3,  4,  6,  7),  Moving  Mesh  (ALE):  Boundaries  window 


For  a  simple  2D  model,  the  maximum  element  size  value  for  a  particular 
subdivision  can  be  estimated  by  dividing  the  lesser  (A  <  B)  dimension  by  10  and  then 
testing  how  the  calculated  model  satisfies  the  goals  of  the  modeler. 


Click  the  Remesh  button,  and  then  click  OK.  See  Figure  4.43.  This  mesh  contains 
approximately  754  elements. 

Solving  the  First  Variation  on  the  2D  Electrochemical  Polishing  Model 

Using  the  menu  bar,  select  Solve  >  Solver  Parameters.  The  COMSOL  Multiphysics 
software  automatically  selects  the  Time  dependent  solver.  Enter  0:0.5:10  in  the  Times 
edit  window,  as  shown  in  Figure  4.44.  This  instruction  causes  the  Solver  to  divide  the 
modeling  time-space  into  20  equal  intervals,  over  the  period  from  0  to  10  seconds. 
Click  OK. 
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I  FIGURE  4.40  Boundary  Settings  (2),  Moving  Mesh  (ALE):  Boundaries  window 
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I  FIGURE  4.41  Boundary  Settings,  Moving  Mesh  (ALE):  boundaries  organized  by  color  [green  =  tangent  and 
normal  coordinate  system  in  deformed  mesh;  blue  =  global  (vx  =  0);  red  =  global  (dx  =  0,  dy  =  0)] 
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I  FIGURE  4.42  2D  electrochemical  polishing  model  Free  Mesh  Parameters  window 
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I  FIGURE  4.43  2D  electrochemical  polishing  model  free  mesh  (quad) 
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I  FIGURE  4.44  2D  electrochemical  polishing  model  Solver  Parameters  window 
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Using  the  menu  bar,  select  Solve  >  Solve  Problem. 


note^  In  the  process  of  solving  this  model,  using  the  Moving  Mesh  Application  Mode 
(ALE) ,  the  modeler  may  occasionally  see  a  warning  about  an  "inverted  mesh  element." 
If  the  solver  continues  on  to  the  solution,  ignore  the  warning.  Such  warnings  are  normal 
when  using  the  deformed  mesh. 

If  the  model  does  not  continue  to  a  solution  and  the  solver  displays  numerous 
warnings,  then  either  there  is  an  error  in  the  model  or  the  modeler  needs  to  use  the 
advanced  technique  called  remesh  (not  discussed  in  this  book) . 

Postprocessing 

Select  Postprocessing  >  Plot  Parameters.  Click  the  Surface  tab,  and  verify  that  the 
Surface  plot  check  box  is  checked.  From  the  Predefined  quantities  drop-down  list,  select 
Conductive  Media  DC  (dc)  >  Total  current  density,  norm.  See  Figure  4.45.  Click  OK. 
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I  FIGURE  4.45  2D  electrochemical  polishing  model  Plot  Parameters  window 
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In  Figure  4.46,  the  model  calculation  shows  that  the  maximum  current  density  is 
approximately  8.87e5  A/m2,  in  the  region  of  the  asperity  (very  close  to  the  calculated 
value  in  the  original  model).  Figure  4.46  also  shows  that  the  normal  current  density 
(Jn)  concentrated  in  the  region  of  the  asperity  is  approximately  1 .5  times  the  normal 
current  density  elsewhere  on  the  electrode  surface.  As  a  result,  the  removal  rate  of  the 
electrode  material  will  be  approximately  1.5  times  as  high. 

To  see  the  change  in  the  position  of  the  electrode  surface  and  the  relative  removal 
of  material  from  the  asperity,  select  Postprocessing  >  Plot  Parameters.  Click  the 
Surface  tab,  and  verify  that  the  Surface  plot  check  box  is  checked.  From  the  Predefined 
quantities  drop-down  list,  select  Moving  Mesh  (ALE)  (ale)  >  y-displacement.  See 
Figure  4.47. 

Click  OK.  Figure  4.48  shows  the  displacement  of  the  electrode  surface  in  the  y- 
direction  (dy_ale)  after  10  seconds  of  electropolishing. 
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I  FIGURE  4.47  2D  electrochemical  polishing  model  surface  Plot  Parameters  window:  Moving  Mesh 
(ALE)  (ale),  y  direction  (dy_ale) 


Postprocessing  Animation 

This  solution  to  the  2D  electrochemical  polishing  model  can  also  be  viewed  as  an  ani- 
mation. To  view  the  solution  as  a  movie,  using  the  menu  bar,  select  Postprocessing  > 
Plot  Parameters.  Once  the  Plot  Parameters  window  appears ,  click  the  Animate  tab.  On 
the  Animate  page,  select  all  the  solutions  in  the  Stored  output  times  window  (see 
Figure  4.49).  Click  the  Start  Animation  button.  Save  this  2D  electrochemical  polish- 
ing model  animation  by  clicking  on  the  disk  icon  on  the  player  screen.  Alternatively, 
you  can  play  the  file  Movie4_EP_2.avi  that  was  supplied  with  this  book. 
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I  FIGURE  4.48  2D  electrochemical  polishing  model  Surface  plot  window:  Moving  Mesh  (ALE)  (ale), 
y  direction  (dy_ale) 


Second  Variation  on  the  2D  Electrochemical  Polishing  Model 


note^'  This  model  will  explore  the  effect  of  a  change  in  the  shape  and  number  of 
asperities.  In  this  model,  the  quad  mesh  element  type  will  be  used,  based  on  the 
excellent  values  calculated  in  the  previous  modeling  solution.  Bear  in  mind  that  both 
the  model  geometry  and  the  model  mesh  play  major  roles  in  the  ease  of  solving  any 
particular  problem. 

To  start  building  the  Electropolishing_3  model,  activate  the  COMSOL  Multiphysics 
software.  In  the  Model  Navigator,  select  "2D"  from  the  Space  dimension  pull-down  list. 
Select  COMSOL  Multiphysics  >  Deformed  Mesh  >  Moving  Mesh  (ALE)  >  Transient 
analysis.  Click  the  Multiphysics  button,  and  then  click  the  Add  button. 

Using  the  Application  Modes  list,  select  COMSOL  Multiphysics  >  Electromagnetics  > 
Conductive  Media  DC.  Click  the  Add  button.  See  Figure  4.50. 

Click  OK.  Using  the  menu  bar,  select  Options  >  Constants.  In  the  Constants  edit 
window,  enter  the  information  shown  in  Table  4.7;  also  see  Figure  4.51 . 
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I  FIGURE  4.49  2D  electrochemical  polishing  model  animation  Plot  Parameters  window 


Table  4.7     Constants  Edit  Window 


Name 

Expression 

Description 

K 

1  .Oe-1 1  [mA3/(A*s)l 

Coefficient  of  proportionality 
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Dependent  variables. 
Application  mode  name 
Element 


Ruling  application  mode: 
[  Moving  Mesh  (ALE)  laleT 


IB 


1  Lagrange  -  Quadra... 


(    Help    )    (  Cancel  ) 

I  FIGURE  4.50  2D  Electropolishing_3  Model  Navigator  setup 


Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  Enter  a  width  of 
2.8  and  a  height  of  0.4.  Select  "Base:  Corner"  and  set  X  equal  to  - 1 .4  and  Y  equal  to 
0  in  the  Rectangle  edit  window.  See  Figure  4.52. 

Click  the  Apply  button,  and  then  click  OK.  See  Figure  4.53. 


(    Help    )    (   Apply  )    (  Cancel  ) 

I  FIGURE  4.51  2D  Electropolishing_3  model  Constants  edit  window 
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I  FIGURE  4.52  2D  Electropolishing_3  model  Rectangle  edit  window 
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I  FIGURE  4.53  2D  Electropolishing_3  model  electrolyte  rectangle 
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Size- 
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(    Help    )    (   Apply  )     (  Cancel  ) 


I  FIGURE  4.54  2D  Electropol ishing_3  model  Circle  edit  window 


Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Circle.  Enter  a  radius  of  0.3. 
Select  "Base:  Center"  and  set  x  equal  to  0  and  y  equal  to  0.6  in  the  Circle  edit  win- 
dow. See  Figure  4.54. 

Click  OK.  See  Figure  4.55. 


TCn  I     cao  num.  simp  loutoc  fMunBouo  r 


I  FIGURE  4.55  2D  Electropolishing_3  model  rectangle  and  circle 
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Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Ellipse.  Enter  0.3  in  the 
A-semiaxes  edit  window  and  0.1  in  the  B-semiaxes  edit  window.  Select  "Base: 
Center"  and  set  X  equal  to  —  1 .0  and  Y  equal  to  0 .4  in  the  X  and  Y  edit  windows . 
See  Figure  4.56. 

Click  OK.  See  Figure  4.57. 
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Displacements 

x>  | 

r  ok  j 

V:  [o 

(  Cancel  ) 

I  FIGURE  4.58   2D  Electropol ishing_3  model  Paste  edit  window 

Select  the  text  "El ."  Using  the  menu  bar,  select  Edit  >  Copy.  Using  the  menu  bar, 
select  Edit  >  Paste.  Enter  2.0  in  the  X:  Displacements  edit  window.  See  Figure  4.58. 
Click  OK.  See  Figure  4.59. 

Using  the  menu  bar,  select  Draw  >  Create  Composite  Object.  Enter  R1-C1-E1-E2 
in  the  Set  formula  edit  window.  See  Figure  4.60. 


note^  To  obtain  the  desired  difference  response,  the  modeler  needs  to  key  in  the 
requested  R 1  -C 1  -E 1 -E2  information  in  the  edit  window,  rather  than  clicking  on  items  in 
the  Object  selection  window. 


I  FIGURE  4.59  2D  ElectropolishingJ  model  (C1,  E1,  E2,  R1) 
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I  FIGURE  4.60  2D  Electropol ishing_3  model  Create  Composite  Object  edit  window 
Click  OK.  See  Figure  4.61. 

note^  The  model  geometry,  as  presently  scaled,  is  1 .4  meters  in  length  and  0.4  meter 
in  height.  Electropolishing  is  typically  applied  as  the  final  finishing  (smoothing)  step  in 
a  precision  fabrication  process  (e.g.,  metallographic  samples,  vacuum  chambers).  Thus 
the  model  geometry  will  need  to  be  reduced  in  scale  to  emulate  reality. 
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I  FIGURE  4.62  2D  Electropolishing_3  model  Scale  edit  window 


Click  on  the  text  "COl."  Click  the  Scale  button  on  the  Draw  toolbar.  Enter  le-3 
in  both  the  X  and  Y  edit  windows.  See  Figure  4.62. 

Click  OK,  and  then  click  the  Zoom  Extents  button  on  the  menu  bar.  See  Figure  4.63. 


ii«.|.ihi  1 — HB^itowlDuuxtanniiouol — 

I  FIGURE  4.63  2D  Electropolishing_3  model  scaled  electrolyte/electrode  geometry 
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I  FIGURE  4.64  Subdomain  Settings  window 


Physics  Subdomain  Settings:  Conductive  Media  DC 

Having  established  the  2D  geometry  for  the  electrochemical  polishing  model  (a  rec- 
tangle with  negative  asperities  on  the  upper  surface) ,  the  next  step  is  to  define  the  fun- 
damental physics  conditions.  Using  the  menu  bar,  select  Multiphysics  >  Conductive 
Media  DC.  Next,  using  the  menu  bar,  select  Physics  >  Subdomain  Settings.  Select 
subdomain  1  in  the  Subdomain  selection  window  (the  only  available  subdomain). 
Enter  10  in  the  Electric  conductivity  (a)  edit  window.  See  Figure  4.64.  Click  OK. 

Physics  Boundary  Settings:  Conductive  Media  DC 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  For  the  indicated  boundaries, 
select  and/or  enter  the  given  boundary  condition  and  value  as  shown  in  Table  4.8.  See 
Figures  4.65, 4.66,  and  4.67. 
Click  OK.  See  Figure  4.68. 


Table  4.8     Boundary  Settings,  Conductive  Media  DC  Window 


Boundary          Boundary  Condition  Value/Expression 

1,  7 

Electric  insulation 

3-6,  8-13 

Electric  potential 

30 

2 

Ground 
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^  Select  bv  group 
^  Interior  boundaries 


Boundary  condition:   '   Electric  insulation  IM, 


(    Help    )    (   Apply   )    (  Cancel  ) 

I  FIGURE  4.65  Boundary  Settings  (1,7),  Conductive  Media  DC:  boundaries  set 
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I  FIGURE  4.66  Boundary  Settings  (3-6,  8-13),  Conductive  Media  DC:  boundaries  set 
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Select  bv  group 
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Boundary  condition  Cround 


(    Help    )    (   Apply   )    (  Cancel  ) 

I  FIGURE  4.67  Boundary  Settings  (2),  Conductive  Media  DC:  boundary  set 


I  FIGURE  4.68  Boundary  Settings  (1,7  =  blue;  3-6,  8-13  =  green;  2  =  red),  Conductive  Media  DC:  bound- 
aries set 
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Table  4.9     Boundary  Settings,  Moving  Mesh  (ALE)  Window 


Boundary 

Coordinate 

Boundary  Condition 

1,  7 

Global 

Mesh  velocity 

vx 

=  0 

3-6,  8-13 

Tangent  and  normal 

Mesh  velocity 

vn 

=  -K*nJ_dc 

Deformed  mesh 

2 

Global 

Mesh  displacement 

dx 

=  0,  dy  =  0 

Boundary  Settings:  Moving  Mesh  (ALE) 

Using  the  menu  bar,  select  Multiphysics  >  Moving  Mesh  (ALE).  Next,  using  the  menu 
bar,  select  Physics  >  Boundary  Settings.  For  the  indicated  boundaries,  select  and/or  enter 
the  given  boundary  condition  and  value  in  the  edit  windows  as  indicated  in  Table  4.9. 
See  Figures  4.69, 4.70,  and  4.71. 
Click  OK.  See  Figure  4.72. 

Mesh  Generation 

From  the  menu  bar,  select  Mesh  >  Free  Mesh  Parameters.  Click  the  Subdomain  tab. 
Select  subdomain  1  in  the  Subdomain  selection  window.  Enter  4e-5  in  the  Maximum 
element  size  edit  window.  Select  "Quad"  from  the  Method  drop-down  list.  See 
Figure  4.73. 
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I  FIGURE  4.69  Boundary  Settings  (1 , 7),  Moving  Mesh  (ALE):  boundaries  set 
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I  FIGURE  4.70  Boundary  Settings  (3-6,  8-13),  Moving  Mesh  (ALE):  boundaries  set 


Click  the  Remesh  button,  and  then  click  OK.  See  Figure  4.74.  This  mesh  contains 
approximately  675  elements. 

Solving  the  Second  Variation  on  the  2D  Electrochemical  Polishing  Model 

Using  the  menu  bar,  select  Solve  >  Solver  Parameters.  The  COMSOL  Multiphysics 
software  automatically  selects  the  Time  dependent  solver.  Enter  0:0.5:10  in  the  Times 
edit  window,  as  shown  in  Figure  4.75.  This  instruction  causes  the  Solver  to  divide  the 
modeling  time-space  into  20  equal  intervals,  over  the  period  from  0  to  10  seconds. 
Click  OK. 

Using  the  menu  bar,  select  Solve  >  Solve  Problem. 
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(     Help     )     (    Apply   )  (jEmwT) 

I  FIGURE  4.71  Boundary  Settings  (2),  Moving  Mesh  (ALE):  boundary  set 
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I  FIGURE  4.72  Boundary  Settings,  Moving  Mesh  (ALE):  boundaries  organized  by  color  (1,7  =  blue;  3-6, 
8-13  =  green;  2  =  red) 
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I  FIGURE  4.73  2D  Electrochemical  polishing  model  Free  Mesh  Parameters  window 
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I  FIGURE  4.75  2D  Electrochemical  polishing  model  Solver  Parameters  window 
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note^  In  the  process  of  solving  this  model,  using  the  Moving  Mesh  Application  Mode 
(ALE) ,  the  modeler  may  occasionally  see  a  warning  about  an  "inverted  mesh  element." 
If  the  solver  continues  on  to  a  solution,  ignore  the  warning.  Such  warnings  are  normal 
when  using  the  deformed  mesh. 

If  the  model  does  not  continue  to  a  solution  and  the  solver  displays  numerous 
warnings,  then  either  there  is  an  error  in  the  model  or  the  modeler  needs  to  use  the 
advanced  technique  called  remesh  (not  discussed  in  this  book). 

Postprocessing 

Select  Postprocessing  >  Plot  Parameters.  Click  the  Surface  tab,  and  verify  that  the  Surface 
plot  check  box  is  checked.  From  the  Predefined  quantities  drop-down  list,  select 
Conductive  Media  DC  (dc)  >  Total  current  density,  norm.  See  Figure  4.76.  Click  OK. 
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I  FIGURE  4.76   2D  electrochemical  polishing  model  surface  Plot  Parameters  window,  total  normal  current  density 
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I  FIGURE  4.77  2D  electrochemical  polishing  model  Surface  plot  window,  total  normal  current  density 


In  Figure  4.77,  the  model  calculation  shows  that  the  maximum  current  density  is 
approximately  8.84e5  A/m2,  in  the  region  of  the  asperities.  Figure  4.77  also  shows  that 
the  normal  current  density  (Jn)  concentrated  in  the  region  of  the  asperities  is  approxi- 
mately 1.5  times  the  normal  current  density  elsewhere  on  the  electrode  surface.  As  a 
result,  the  removal  rate  of  the  electrode  material  will  be  approximately  1 .5  times  as  high. 

To  see  the  change  in  the  position  of  the  electrode  surface  and  the  relative  removal 
of  material  from  the  asperities,  select  Postprocessing  >  Plot  Parameters.  Click  the 
Surface  tab,  and  verify  that  the  Surface  plot  check  box  is  checked.  From  the  Predefined 
quantities  drop-down  list,  select  Moving  Mesh  (ALE)  (ale)  >  y-displacement.  See 
Figure  4.78. 

Click  OK.  Figure  4.79  shows  the  displacement  of  the  electrode  surface  in  the  y- 
direction  (dy_ale)  after  10  seconds  of  electropolishing. 

Postprocessing  Animation 

This  solution  to  the  2D  electrochemical  polishing  model  can  also  be  viewed  as  an  ani- 
mation. To  view  the  solution  as  a  movie,  using  the  menu  bar,  select  Postprocessing  > 
Plot  Parameters.  Once  the  Plot  Parameters  window  appears,  Click  the  Animate  tab. 
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General  Surface  Contour  Boundarv 
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M  Surface  plot 


[  Surface  Data      Height  Data  ' 


Predefined  quantities:  I  y-displacement 
Expression:  dy_ale 
Unit: 


Coloring  and  fill 


Coloring:        1  Interpolated       g         Fill  style:        '  Filled  ^ 


Surface  color 


©  Colormap:  (  Jet  Co|ors;     ,024         g  Co|or  sca|t 

O  Uniform  color:         Color...  )  I 


(    Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  4.78  2D  electrochemical  polishing  model  surface  Plot  Parameters  window:  Moving  Mesh  (ALE)  (ale), 
/-direction  (dy_ale) 


On  the  Animate  page,  select  all  the  solutions  in  the  Stored  output  times  window  (see 
Figure  4.80).  Click  the  Start  Animation  button.  Save  this  2D  electrochemical  polish- 
ing model  animation  by  clicking  on  the  disk  icon  on  the  player  screen.  Alternatively, 
you  can  play  the  file  Movie4_EP_3.avi  that  was  supplied  with  this  book. 

2D  Electrochemical  Polishing  Models:  Summary  and  Conclusions 

The  models  presented  in  this  section  have  introduced  the  following  new  concepts: 
two-dimensional  modeling  (2D),  deformed  mesh— Moving  Mesh  (ALE),  transient 
analysis,  Conductive  Media  DC,  vector  dot  product  current  (K*nJ_dc),  triangular  mesh, 
free  mesh  parameters,  subdomain  mesh,  maximum  element  size,  and  quadrilateral 


166 


Chapter  4    2D  Modeling 


I  FIGURE  4.79  2D  electrochemical  polishing  model  Surface  plot  window:  Moving  Mesh  (ALE)  (ale), 
/-direction  (dy_ale) 


mesh  (quad).  The  2D  electrochemical  polishing  model  is  a  powerful  tool  that  can  be 
used  to  model  surface  smoothing  for  diverse  projects  (e.g.,  microscope  samples,  pre- 
cision metal  parts,  medical  equipment  and  tools,  large  and  small  metal  drums,  thin 
analytical  samples,  vacuum  chambers).  A  comparison  of  the  calculated  results  for  the 
three  electropolishing  models  is  shown  in  Table  4.10. 

The  differences  between  the  calculations  for  the  tested  models  are  in  the  range  of 
a  few  percentage  points.  It  is  left  to  the  modeler  to  explore  other  differences  between 
the  models  by  varying  the  parameters,  as  suggested  in  the  exercises  at  the  end  of  this 
chapter. 


Table  4.10    Electropolishing  Modeling  Results  Summary 


EP_1  1  Triangular       9.1 2e5  -  1.08e-4  — 

EP_2  1  Quad  8.87e5  -2.7  1.04e-4  -3.7 

EP_3  3  Quad  8.83e5  -3.2  1.04e-4  -3.7 
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I  FIGURE  4.80  2D  electrochemical  polishing  model  animation  Plot  Parameters  window 


■  2D  Hall  Effect  Model  Considerations 


In  1827,  Georg  Ohm  published9  his  now  fundamental  and  famous  Ohm's  law: 


where  /  =  current  in  amperes 

V  =  potential  difference  in  volts 
R  =  resistance  in  ohms 

See  Figure  4.81. 

As  useful  as  Ohm's  law  is,  it  is  basically  phenomenological.  To  more  fully 
understand  conduction  in  homogeneous,  isotropic  solid  materials,  the  calculations 


168 


Chapter  4    2D  Modeling 


YAy 


i 


I  FIGURE  4.81  Ohm's  law 

need  to  be  expanded  until  they  reflect  the  behavior  (motion)  of  the  fundamental 
charged  particles  (electrons,  holes). 

note^  In  solid  materials  (e.g.,  metals,  semiconductors),  there  are  three  potential 
mobile  carriers  of  charge:  electrons  (  —  ),  holes  (  +  ),  and  ions  (charge  sign  can  be  either 
+  or  — ,  depending  on  the  type  of  ion).  Ions  in  a  solid  typically  have  a  very  low  mobility 
(pinned  in  position)  and,  therefore,  contribute  little  to  the  observed  current  flow  in  most 
solids.  Ion  flow  will  not  be  considered  here. 

In  metals,  due  to  the  underlying  physical  and  electronic  structure,  electrons  are  the 
only  carrier.  In  semiconductors  (e.g.,  Si,  Ge,  GaAs,  InP),  either  electrons  or  holes  (the 
absence  of  an  electron)  can  exist  as  the  primary  carrier  types.  The  density  of  each  carrier 
type  (electrons,  holes)  is  determined  by  the  electronic  structure  of  the  host  material  (e.g., 
Si,  Ge,  SiGe)  and  the  density  and  distribution  of  any  foreign  impurity  atoms  (e.g.,  As,  P,  N, 
Al)  within  the  host  solid  material.  For  further  information  on  the  nature  of  solids  and  the 
behavior  of  impurity  atoms  in  a  host  matrix,  see  works  by  Kittel10  and  Sze.11 

The  resistance  of  a  homogeneous,  isotropic  solid  material  R  is  defined  as  follows: 


(4.5) 


A 


where 


p  =  resistivity  in  ohm-meters  (fl-m) 

L  =  length  of  sample  in  meters  (m) 

A  =  cross-sectional  area  of  sample  in  meters  squared  (m2) 


See  Figure  4.82. 


A  =  dx  *  dy 


I  FIGURE  4.82  Resistance 
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The  resistivity  of  a  homogeneous,  isotropic  solid  material  is  defined  as  follows:12 
o-  =  ^  =  ne\e\/xe  +  rch|e|/xh  (4.6) 

where  p  =  resistivity  ohm-meters  (fi-m) 

a  =  conductivity  in  Siemens  per  meter  (S/m) 

ne  =  electron  density  in  electrons  per  cubic  meter  (Ne/m3) 

nh  =  hole  density  in  holes  per  cubic  meter  (Nh/m3) 

lei  =  absolute  value  of  the  charge  on  an  electron  (hole)  in  coulombs  (C) 

/xe  =  electron  mobility  in  meters  squared  per  volt-second  (m2/(V*s)) 

f\  =  hole  mobility  in  meters  squared  per  volt-second  (m2/(V*s)) 

The  Hall  effect13  was  discovered  by  Edwin  Hall  in  187914  through  measurements 
on  the  behavior  of  currents  in  thin  gold  foils,  in  the  presence  of  a  magnetic  field.  The 
magnetic  field  introduced  into  the  current  flow  region  of  the  solid  in  the  Hall  effect 
measurements  effectively  adds  an  anisotropic  term  into  the  conductivity  of  a  nomi- 
nally homogeneous,  isotropic  solid  material.  The  anisotropic  conductivity  is  caused  by 
the  magnetic  field  through  the  Lorentz  force.15  The  Lorentz  force  produces  a  propor- 
tional, differential  voltage/charge  accumulation  between  two  surfaces  or  edges  of  a 
conducting  material  orthogonal  to  the  current  flow. 

The  Lorentz  force  is 

F  =  q  (E  +  (v  X  B))  (4.7) 

where  F  =  force  vector  on  the  charged  particle  (electron  and/or  hole) 

q  =  charge  on  the  particle  (electron  and/or  hole) 
E  =  electric  field  vector 

v  =  instantaneous  velocity  vector  of  the  particle 
B  =  magnetic  field  vector 


The  Hall  voltage16  is 


Rn*I*B 

Vn  =  —f   (4.8) 


where  Vu  =  Hall  voltage 


RH  =  Hall  coefficient 
/  =  current 
B  =  magnetic  field 
t  =  thickness  of  sample 
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The  Hall  coefficient  (RH)  is 


r 


(4.9) 


where 


=  Hall  coefficient 


r  =  1<  X  <  2 


we  =  density  of  electrons 
e  =  charge  on  the  electron 


note^  In  the  Hall  effect  models  presented  here,  it  is  assumed  that  r  =  1.  That 
assumption  is  a  valid  first  approximation.  For  applied  development  models,  the 
modeler  will  need  to  determine  experimentally  the  best  approximation  for  the  value  of 
r  for  the  particular  material  and  physical  conditions  being  modeled. 

For  example,  in  the  case  that  the  charge  carrier  is  a  "hole,"  the  minus  sign  (— )  in 
the  equation  for  the  Hall  coefficient  changes  to  a  plus  sign  (  +  ).  In  the  case  of  mixed 
electron/hole  flow,  RR  can  become  zero. 

The  differential  voltage/charge  accumulation  — Hall  voltage  (VH)— that  results 
from  the  Lorentz  force  interaction  between  any  currents  (electron  and/or  hole) 
flowing  through  that  conducting  material  and  the  local  magnetic  field  is  shown  in 
Figure  4.83. 

As  can  be  seen  from  the  introductory  material,  depending  on  the  characteristics  of 
the  material  being  modeled,  the  calculation  of  the  Hall  effect  can  be  very  complex. 
The  Hall  coefficient  (7?H)  varies  for  different  materials  and  has  a  predominant  func- 
tional dependence  that  involves  temperature,  carrier  type,  carrier  concentration,  carrier 
mobility,  carrier  lifetime,  and  carrier  velocity.  In  a  dual-carrier  system,  such  as  semi- 
conducting materials  (electrons  and  holes),  under  the  proper  conditions,  RH  can 
become  equal  to  zero.  Semiconductor  sensors,  however,  are  among  the  most  sensitive 
magnetic  field  Hall  sensors  currently  manufactured. 


+V, 


applied 


applied 


I  FIGURE  4.83  Hall  effect  sensor  geometry,  electron  flow 
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Hall  effect  sensors  are  widely  available  in  a  large  number  of  geometric  configu- 
rations. They  are  typically  applied  in  sensing  fluid  flow,  rotating  or  linear  motion, 
proximity,  current,  pressure,  and  orientation.  In  the  2D  models  presented  in  the 
remainder  of  this  chapter,  several  simplifying  assumptions  will  be  made  that  allow  the 
basic  physics  principles  to  be  demonstrated  without  excessive  complexity. 

Owing  to  the  underlying  complexity  of  the  Hall  effect,  the  models  in  this  section 
of  Chapter  4  require  the  use  of  either  the  AC/DC  Module  or  the  MEMS  Module,  in 
addition  to  the  basic  COMSOL  Multiphysics  software.  In  the  first  model,  only  a  sin- 
gle carrier  conduction  system  (electrons)  will  be  employed.  For  ease  of  modeling,  it 
will  be  assumed  that  the  system  is  quasi-static.  This  model  introduces  the  COMSOL 
modeling  concepts  of  point  constraints  and  floating  contacts.17 

2D  Hall  Effect  Model  

To  start  building  the  Hall_Effect_l  model,  activate  the  COMSOL  Multiphysics  software. 
In  the  Model  Navigator,  select  "2D"  from  the  Space  dimension  pull-down  list.  Select 
AC/DC  Module  >  Statics  >  Conductive  Media  DC.  Click  the  Multiphysics  button,  and 
then  click  the  Add  button.  See  Figure  4.84. 


I  New Model  Library      User  Models      Open  Settings 

Multiphysics 


Space  dimension: 

B  Application  Modes 
►  [_|  COMSOL  Multiphysics 
T  HI  AC/DC  Module 
T  Statics 

D_ 

Qj  Electrostatics 
□  Electrostatics,  Generalized 

Quasi-Statics.  Electric 

►  M  Quasi-Statics.  Magnetic 

►  Q  Quasi-Statics.  Electromagnetic 
»  U  Rotating  Machinery 

►  1_J  Electro-Thermal  Interaction 


Dependent  variables:  V 

Application  Mode  Propertie...  ) 


Dependent  variables: 
Application  mode  name 
Element: 


(    Help    )    (  Cancel  ) 

I  FIGURE  4.84  Multiphysics  Model  Navigator  window 
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^  

Properties 

Default  element  type:  1  Lagrange  -  Quadratic  I  j  | 

Weak  constraints:  1  On  r-S-j 

Constraint  type:  [  Non-ideal 


(    Help    )    (  Cancel  > 


I  FIGURE  4.85  Application  Mode  Properties  window 


Click  the  Application  Mode  Properties  button.  Select  "On"  from  the  Weak  con- 
straints pull-down  list.  Select  "Non-ideal"  from  the  Constraint  type  pull-down  list.  See 
Figure  4.85.  Click  OK. 

Constants 

Using  the  menu  bar,  select  Options  >  Constants.  In  the  Constants  edit  window,  enter 
the  information  shown  in  Table  4.11;  also  see  Figure  4.86.  Click  OK. 

2D  Hall  Effect  Geometry 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  Enter  a  width  of 
1.8e-2  and  height  of  6e-3.  Select  "Base:  Corner"  x  equal  to  -9e-3  and  y  equal  to  -3e-3 
in  the  Rectangle  edit  window.  See  Figure  4.87. 

Click  OK,  and  then  click  the  Zoom  Extents  button.  See  Figure  4.88. 


Table  4.11    Constants  Edit  Window 


Name 

Expression 

Description 

sigmaO 

1 .04e3[S/m] 

Silicon  conductivity 

Rh 

1 .25e-4[mA3/C] 

Hall  coefficient 

Bz 

0.1  [T] 

Magnetic  field 

coeffO 

sigma0/(1  +(sigmaO*Rh*Bz)A2) 

Conductivity  anisotropy  2 

VO 

5.0[V] 

Applied  voltage 

t_Si 

1.0e-3[m] 

Silicon  thickness 

coeffl 

sigmaO*Rh*Bz 

Conductivity  anisotropy  1 

s11 

coeffO 

Conductivity  matrix  term  1 1 

s12 

coeff0*coeff1 

Conductivity  matrix  term  12 

s21 

-coeff0*coeff1 

Conductivity  matrix  term  21 

s22 

coeffO 

Conductivity  matrix  term  22 
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Name 

[Expression 

Value 

1  Description 

sigmaO 

1.04e3[S/ml 

1040[S/m] 

Silicon  conductivity  , 

Rh 

1.25e-4(m*3/C| 

<1.25e-4l[m3/(s  A>| 

Hall  coefficient 

Bz 

0.1[T) 

0.1[T] 

Magnetic  field 

coeffO 

ciairuO/fl  ■+  Uinm-inj'Rh*R7lA?l 
siyniiiu/ 1  i  r  i s ly if iuu  r\n  B£.r  ct 

Conductivity  anisotropy  2 

VO 

S.0[V) 

5|V| 

Applied  voltage 

t_Si 

1.0e-3[m) 

0.001|m| 

Silicon  thickness 

coeffl 

sigmaO'RrTBz 

0.013[1] 

Conductivity  anisotropy  1 

111 

coeffO 

1039.82427|S/ml 

Conductivity  matrix  term  11 

512 

coeffO'coeffl 

13.517716|S/m| 

Conductivity  matrix  term  12 

521 

-coeffO'coeffl 

-13.517716[S/m| 

Conductivity  matrix  term  21 

522 

coeffO 

1039.82427[S/m] 

Conductivity  matrix  term  22 

 1  -  ► 

(    Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  4.86  2D  Hal l_Effect_1  model  Constants  edit  window 

In  this  model,  points  will  be  added  to  the  boundary  of  the  rectangle  to  define  the 
location  of  the  edges  of  the  floating  contacts.  Using  the  menu  bar,  select  Draw  > 
Specify  Objects  >  Point.  In  the  Draw  >  Specify  Objects  >  Point  edit  window,  individ- 
ually create  each  of  the  points  shown  in  Table  4.12  by  selecting  the  window,  entering 
the  data,  and  then  clicking  OK.  The  final  rectangle  with  all  four  points  is  shown  in 
Figure  4.89. 


note^  The  points  are  added  to  the  boundary  of  the  rectangle  so  that  the  edges  of  the 
floating  contacts  are  precisely  defined. 


2D  Hall  Effect  Subdomain  Settings 

Using  the  menu  bar,  select  Physics  >  Subdomain  Settings  >  Subdomain  1  (the  only 
choice).  Enter  t_Si  in  the  d  (Thickness)  edit  window.  Verify  that  "Conductivity"  is 
selected  in  the  Conductivity  relation  pull-down  list.  Click  in  the  Electric  conductivity 


Size 


Rotation  angle 


(    Help    )    (   Apply   )    (  Cancel  ) 


(degrees) 


I  FIGURE  4.87  2D  Hal l_Effect_1  model  Rectangle  edit  window 
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Table  4.12    Points  Edit  Window 


1 

-1e-3 

3e-3 

2 

1e-3 

3e-3 

3 

-1e-3 

-3e-3 

4 

1e-3 

-3e-3 

Table  4.13    Matrix  Elements  Edit  Window 


edit  window.  Select  "Anisotropic-full"  from  the  Conductivity  type  pull-down  list. 
Enter  the  matrix  elements  as  shown  in  Table  4.13;  see  Figure  4.90. 


note^  These  matrix  elements  define  the  anisotropic  coupling  of  the  magnetic  field  and 
the  current  flowing  in  the  silicon  sample. 


Close  the  Conductivity  Matrix  edit  window  by  clicking  on  the  Subdomain 
Settings  window.  After  the  Conductivity  Matrix  window  closes,  the  matrix  elements 
will  be  as  shown  in  the  Conductivity  edit  window  on  the  Subdomain  Settings  page  in 
Figure  4.91.  Click  OK. 


[sll 

.1Z 

s  2  L 

lfs22  ) 

[  Anisotropic  -  full 

I  FIGURE  4.90  2D  Hal l_Effect_1  model  conductivity  matrix  elements 
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Table  4.14    Boundary  Settings 


Boundary  Nurr 

iber     Condition           Group  Ir 

idex     Source  Current/ 

1 

Ground  — 

4.92 

2,  3,  6,  7 

Electric  insulation  — 

4.93 

4 

Floating  potential  2 

0 

4.94 

5 

Floating  potential  1 

0 

4.95 

8 

Electric  potential  — 

vo 

4.96 

2D  Hall  Effect  Boundary  Settings 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  Enter  the  boundary  settings 
as  shown  in  Table  4.14.  See  Figures  4.92, 4.93, 4.94, 4.95,  and  4.96. 


note^-  The  addition  of  the  group  index  designation  decouples  the  two  floating 
contacts  from  each  other.  Failure  to  insert  a  different  group  index  number  for  each 
floating  contact  couples  (mathematically  short-circuits)  the  contacts  together. 

Click  the  Weak  Constr.  tab.  Verify  that  the  Use  weak  constraints  check  box  is 
checked.  See  Figure  4.97. 
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I  FIGURE  4.91  2D  Hal l_Effect_1  model  Subdomain  Settings 
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I  FIGURE  4.92  2D  Hall_Effect_1  model  Boundary  Settings  (1) 
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I  FIGURE  4.93  2D  Hall_Effect_1  model  Boundary  Settings  (2,  3,  6,  7) 
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I  FIGURE  4.94  2D  Hal l_Effect_1  model  Boundary  Settings  (4) 
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Q  Select  by  group 
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I  FIGURE  4.95  2D  Hall_Effect_1  model  Boundary  Settings  (5) 
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Boundary  condition:   ■    Metric  potential  Lfrj 
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I  FIGURE  4.96  2D  Hall_Effect_1  model  Boundary  Settings  (8) 
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I  FIGURE  4.97  2D  Hall_Effect_1  model  Boundary  Settings,  Weak  Constr.  page 
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I  FIGURE  4.98  2D  Hall_Effect_1  model  boundary  settings,  final  configuration 


Click  OK.  The  final  configuration  of  the  boundary  settings  is  shown  in  Figure  4.98. 
2D  Hall  Effect  Mesh  Generation 

Using  the  menu  bar,  select  Mesh  >  Initialize  Mesh.  Click  the  Refine  Mesh  button 
twice.  See  Figure  4.99. 

Solving  the  2D  Hall  Effect  Model 

Using  the  menu  bar,  select  Solve  >  Solver  Parameters.  In  the  Solver  selection  window, 
select  "Parametric."  In  the  Parameter  names  edit  window,  enter  Bz.  In  the  Parameter 
values  edit  window,  enter  0:0.1:2.0.  See  Figure  4.100.  Click  OK. 


note^'  The  Parametric  Solver  is  chosen,  in  this  case,  so  that  the  modeler  can  solve  the 
Hall_Effect_l  model  quasi-statically  over  a  range  of  Bz.  This  allows  the  modeler  to  see 
solutions  for  a  wide  range  of  magnetic  field  values. 


Using  the  menu  bar,  select  Solve  >  Solve  Problem. 
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I  FIGURE  4.99  2D  Hal l_Effect_1  model  mesh 


Postprocessing 

The  default  plot  is  a  2D  surface  plot  of  the  voltage  distribution  at  the  highest  value  of 
the  magnetic  field  (Bz  =  2  tesla).  See  Figure  4.101. 

More  detailed  information  is  displayed  by  adding  contour  lines.  Using  the  menu 
bar,  select  Postprocessing  >  Plot  Parameters.  Click  the  Contour  tab.  Place  a  check 
mark  in  the  Contour  plot  check  box.  Click  the  Uniform  color  radio  button.  Click  the 
Color  select  button,  and  select  "Black."  Click  OK.  See  Figure  4.102. 

The  Hall  effect  voltage  (VH)  can  be  seen  as  the  voltage  difference  (color  dif- 
ference) between  the  top  electrode  and  the  bottom  electrode,  as  shown  in  Figure 
4.103. 


note^  There  are  two  methods  by  which  the  voltage  difference  between  the  upper  and 
lower  surfaces  can  be  determined  in  Figure  4.103.  The  first  is  by  the  color  difference ,  as 
indicated  by  the  color  bar  on  the  right  side  of  the  plot.  The  second  is  by  the  incremental 
position  of  the  contour  lines.  If  the  voltage  is  constant  in  the  vertical  direction,  the 
contour  line  will  be  straight  and  vertical.  If  the  voltage  changes,  that  change  is  reflected 
in  the  shape  of  the  contour  line. 


182 


Chapter  4    2D  Modeling 


0  Auto  selett  jotvtr 


Time  ritpmn>ni 
Eigenvalue  


Stationary  segregated 


12  Adaptive  m«h  refinement 
□  OpamWatiort/ Sensitivity 
<"">  Hot  white  solving 
f  Plot  ^ettwgt...  j 


ParametrK      Stationary      Adaptive      Optimuatmn/Senittwuv      Advanced  1 


f  Load  Parameter  Values  From  File.. 


Linear  system  sofvt 


I  Inm  byilm  Mhm    '  Direct lUfcTPACIO  ^ 


(  Stttinqi.,,  ) 


I  FIGURE  4.100  2D  Hall  Effect  1  model  Solver  Parameters  window 
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I  FIGURE  4.101  2D  Hal l_Effect_1  model  default  surface  voltage  distribution  plot 
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Plot  Parameters 
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□  Filled 


(    Help    )    (   Apply  )    (  Cancel  ) 


I  FIGURE  4.102  2D  HalLEffectJ  model  Plot  Parameters  window.  Contour  Data  page 


The  exact  voltage  difference  at  any  point  in  the  model  can  be  determined  by 
creating  a  cross-section  plot.  Using  the  menu  bar,  select  Postprocessing  >  Cross- 
Section  Plot  Parameters.  Select  the  2T  solution  in  the  Solutions  to  use  window.  See 
Figure  4.104. 

Click  the  Line/Extrusion  tab.  Enter  the  coordinates  shown  in  Table  4.15  on  the 
Cross-Section  Plot  Parameters  page.  See  Figure  4.105. 
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I  FIGURE  4.104   2D  Hall_Effect_1  model  Cross-Section  Plot  Parameters,  General  page 
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Table  4.15     Cross-Section  Line  Data  Edit  Window 


Lir 

xO 
x1 
yO 

yi 


/alue 

Oe-3 
Oe-3 
-3e-3 
3e-3 


Click  OK.  Figure  4.106  shows  the  voltage  difference  (VH)  between  the  electrode 
(top)  and  the  modeled  Si  sample  (bottom),  for  the  line  x  =  0.  In  this  case  VH  =  0.340 
volt  (Vhlgh  -  Vlow=  0.340  V). 

Postprocessing  Animation 

This  solution  to  the  2D  Hall_Effect_l  model  can  also  be  viewed  as  an  animation.  To  view 
the  solution  as  a  movie,  using  the  menu  bar,  select  Postprocessing  >  Plot  Parameters. 
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@  Line  plot 


O  Extrusion  plot 
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Line  resolution.  200 


□  Multiple  parallel  lines 


Number  ol  lines 
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(    Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  4.105   2D  Hal l_Effect_1  model  Cross-Section  Plot  Parameters,  Line/Extrusion  page 
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I  FIGURE  4.106  2D  Hal l_Effect_1  model  plot  1/H 


Once  the  Plot  Parameters  window  appears,  click  the  Animate  tab.  On  the  Animate  page, 
select  all  the  solutions  in  the  Stored  output  times  window  (see  Figure  4.107).  Click  the 
Start  Animation  button.  Save  this  2D  Hall  effect  model  animation  by  clicking  on  the 
disk  icon  on  the  player  screen.  Alternatively,  you  can  play  the  file  Movie4_HE_l.avi 
that  was  supplied  with  this  book. 


First  Variation  on  the  2D  Hall  Effect  Model 


This  model  reflects  a  closer  approach  to  the  construction  of  a  specimen  as  would  be 
constructed  from  a  silicon  wafer.  In  this  model,  both  Si  end  contacts  and  side  contacts 
have  been  added,  as  would  be  the  case  for  a  fabricated  Si  sample. 

To  start  building  the  Hall_Effect_2  model,  activate  the  COMSOL  Multiphysics 
software.  In  the  Model  Navigator,  select  "2D"  from  the  Space  dimension  pull-down 
list.  Select  AC/DC  Module  >  Statics  >  Conductive  Media  DC.  Click  the  Multiphysics 
button,  and  then  click  the  Add  button.  See  Figure  4.108. 

Click  the  Application  Mode  Properties  button.  Select  "On"  from  the  Weak  con- 
straints pull-down  list.  Select  "Non-ideal"  from  the  Constraint  type  pull-down  list.  See 
Figure  4.109.  Click  OK. 
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(    Help    )     (   Apply  )     (  Cancel  ) 


I  FIGURE  4.107  2D  Hall_Effect_1  model  animation  Plot  Parameters  window 
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I  FIGURE  4.108  Multiphysics  Model  Navigator  window 
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I  FIGURE  4.109  Application  Mode  Properties  window 
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Name 

\  Expression 

Value 

Description 

sigmaO  1.04e3(S/m] 

1040[S/m| 

Silicon  conductivity  a 

Rh 

l.<:De-4lmA5/L] 

(1.25e-4)[m3/(s  Al) 

Hall  coefficient 

Bz 

Sim 

0.1[T) 

Magnetic  field 

coeffO 

sigmaO/(l  +  (sigmaO«Rh'Bz>»2> 

lUJS.Otti  1  [Jf  III) 

Conductivitv  anisotropy  2 

VO 

5.0[V| 

SM 

Applied  voltage 

t_Si 

1.0e-3|m| 

0.001|m] 

Silicon  thickness 

coeffl 

sigmaOTRh*Bz 

0.013|1] 

Conductiviry  anisotropy  1  ^ 

sll 

coeffO 

1039.82427[S/m] 

Conductivity  matrix  term  11 

Sl2 

coeffO'coeffl 

13.517716[S/m] 

Conductivity  matrix  term  12 

S21 

-coeffO'coeffl 

-13.517716[S/m| 

Conductivity  matrix  term  21  * 

s22 
f 

coeffO 

1039.82427[S/m] 

Conductivity  matrix  term  22  ▼ 

 1  <  ► 

C^pD  c^D  c^d 


I  FIGURE  4.110  2D  Hall_Effect_2  model  Constants  edit  window 


Constants 

Using  the  menu  bar,  select  Options  >  Constants.  In  the  Constants  edit  window,  enter 
the  information  shown  in  Table  4.16;  also  see  Figure  4.110.  Click  OK. 

2D  Hall  Effect  Geometry 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  Enter  a  width  of 
1.8e-2,  and  a  height  of  6e-3.  Select  "Base:  Corner"  x  and  set  equal  to  -9e-3  and  y  equal 
to  -3e-3  in  the  Rectangle  edit  window.  See  Figure  4.111. 

Click  OK,  and  then  the  click  the  Zoom  Extents  button.  See  Figure  4.112. 


Table  4.16     Constants  Edit  Window 


Name 

Expression 

Description 

sigmaO 

1 .04e3[S/m] 

Silicon  conductivity 

Rh 

1 .25e-4[mA3/C] 

Hall  coefficient 

Bz 

0.1  [T] 

Magnetic  field 

coeffO 

sigma0/(1  +(sigmaO*Rh*Bz)A2) 

Conductivity  anisotropy  2 

VO 

5.0M 

Applied  voltage 

t_Si 

1.0e-3[m] 

Silicon  thickness 

coeffl 

sigma0*Rh*Bz 

Conductivity  anisotropy  1 

si  1 

coeffO 

Conductivity  matrix  term  1 1 

s12 

coeff0*coeff1 

Conductivity  matrix  term  12 

s21 

-coeff0*coeff1 

Conductivity  matrix  term  21 

s22 

coeffO 

Conductivity  matrix  term  22 
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y:  -3e-3 


(    Help    )    (   Apply  )    (  Cancel  )  OK  > 

I  FIGURE  4.111  2D  Hall_Effect_2  model  Rectangle  edit  window 


I  FIGURE  4.112  2D  Hall_Effect_2  model  rectangle  geometry 
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Table  4.17     Rectangle  Edit  Window 


Height 

Base 

x  Locatio 

1 

2e-3 

1e-3 

Corner 

-1e-3 

3e-3 

2 

2e-3 

1e-3 

Corner 

-1e-3 

-4e-3 

3 

1e-3 

6e-3 

Corner 

-1e-2 

-3e-3 

4 

1e-3 

6e-3 

Corner 

9e-3 

-3e-3 

In  this  model,  rectangles  will  be  added  to  the  boundary  of  the  rectangle  to  define 
the  location  of  the  positions  of  the  contacts  and  the  floating  contacts.  Using  the  menu 
bar,  select  Draw  >  Specify  Objects  >  Rectangle.  In  the  Draw  >  Specify  Objects  > 
Rectangle  edit  window,  individually  create  each  of  the  rectangles  shown  in  Table  4.17 
by  selecting  the  window,  entering  the  data,  and  then  clicking  OK.  The  final  geometry 
with  all  four  added  rectangles  is  shown  in  Figure  4.114. 

Click  the  Zoom  Extents  button.  Select  Draw  >  Create  Composite  Object.  Select 
all  of  the  rectangles.  Verify  that  the  Keep  interior  boundaries  check  box  is  checked, 
see  Figure  4.113.  Click  OK.  Figure  4.114  shows  the  composite  object. 

note^  The  contact  rectangles  are  added  to  the  boundary  of  the  first  rectangle  so  that 
the  contacts  and  the  floating  contacts  are  precisely  defined. 

2D  Hall  Effect  Subdomain  Settings 

Using  the  menu  bar,  select  Physics  >  Subdomain  Settings.  Select  subdomains  1,3,4, 
and  5  in  the  Subdomain  selection  window.  Enter  t_Si  in  the  d  (Thickness)  edit  window. 


Object  type 
•  Solids 
O  Curves 
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I  FIGURE  4.113  2D  Hall_Effect_2  model,  Create  Composite  Object  window 
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I  FIGURE  4.114  2D  Hall_Effect_2  model  geometry  with  added  rectangles 


Verify  that  "Conductivity"  is  selected  in  the  Conductivity  relation  pull-down  list.  Enter 
sigmaO  in  the  Electric  conductivity  window.  See  Figure  4.115. 

Select  subdomain  2  in  the  Subdomain  selection  window.  Enter:  t_Si  in  the  d 
(Thickness)  edit  window.  Verify  that  "Conductivity"  is  selected  in  the  Conductivity 
relation  pull-down  list.  Click  in  the  Electric  conductivity  edit  window.  Select 
"Anisotropic-full"  from  the  Conductivity  type  pull-down  list.  Enter  the  matrix  ele- 
ments as  shown  in  Table  4.18;  see  Figures  4.116  and  4.117.  Click  OK. 

mote'^  These  matrix  elements  define  the  anisotropic  coupling  of  the  magnetic  field  and 
the  current  flowing  in  the  silicon  sample. 


Table  4.18    Matrix  Elements  Edit  Window 


11 

s11 

12 

s12 

21 

s21 

22 

s22 
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Phys 
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A/m3  Current  source 

m  Thickness 


sigmaO 
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(    Help    )    (   Apply   )    (  Cancel  ) 

I  FIGURE  4.115  2D  Hall_Effect_2  model  geometry,  Subdomain  Settings  (1,  3,  4,  5) 


Subdomain  Settings  -  Conductive  Media  DC  (emdc) 
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I  FIGURE  4.116  2D  Hall_Effect_2  model  geometry,  Subdomain  Settings  (2) 
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I  Table  4.19     Boundary  Settings 


Boundary  Num 

ber     Condition            Group  In 

/Potential  Figure 

1 

Ground  — 

4.118 

2,  3,  5-7, 

Electric  insulation  — 

4.119 

10,  13-16, 

18,  19 

8 

Floating  potential  2 

0 

4.120 

12 

Floating  potential  1 

0 

4.121 

20 

Electric  potential  — 

VO 

4.122 

2D  Hall  Effect  Boundary  Settings 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  Enter  the  boundary  settings 
as  shown  in  Table  4.19.  See  Figures  4.118, 4.119, 4.120, 4.121,  and  4.122. 


I  FIGURE  4.117  2D  Hall_Effect_2  model  conductivity  matrix  elements 

Boundary  Settings  -  Conductive  Media  DC  (emdc) 
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I  FIGURE  4.118  2D  Hall_Effect_2  model  Boundary  Settings  (1) 
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(    Help    )    (   Apply   )    (  Cancel  ) 

I  FIGURE  4.119  2D  Hall_Effect_2  model  Boundary  Settings  (2,  3,  5-7, 10, 13-16, 18, 19) 
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I  FIGURE  4.120  2D  Hal l_Eff ect_2  model  Boundary  Settings  (8) 
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I  FIGURE  4.121  2D  Hal l_Eff ect_2  model  Boundary  Settings  (12) 


note^  The  addition  of  the  group  index  designation  decouples  the  two  floating  contacts 
from  each  other. 


Select  the  Weak  Constr.  tab.  Verify  that  the  Use  weak  constraints  check  box  is 
checked.  See  Figure  4.123. 

Click  OK.  The  final  configuration  of  the  boundary  settings  is  shown  in  Figure  4.124. 
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(     Help     )     (    Apply    )     (  Cancel  ) 

I  FIGURE  4.122  2D  Hall_Effect_2  model  Boundary  Settings  (20) 
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I  FIGURE  4.123  2D  Hall_Effect_2  model  Boundary  Settings,  Weak  Constr.  page 
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I  FIGURE  4.124  2D  Hal l_Effect_2  model  boundary  settings,  final  configuration 
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I  FIGURE  4.125  2D  Hall_Effect_2  model  mesh 


2D  Hall  Effect  Mesh  Generation 

Using  the  menu  bar,  select  Mesh  >  Initialize  Mesh.  Click  the  Refine  Mesh  button 
twice.  See  Figure  4.125. 

Solving  the  First  Variation  on  the  2D  Hall  Effect  Model 

Using  the  menu  bar,  select  Solve  >  Solver  Parameters.  In  the  Solver  selection  window, 
select  "Parametric."  In  the  Parameter  name  edit  window,  enter  Bz.  In  the  Parameter 
values  edit  window,  enter  0:0.1:2.0.  See  Figure  4.126.  Click  OK. 

note^  The  Parametric  Solver  is  chosen,  in  this  case,  so  that  the  modeler  can  solve  the 
Hall_Effect_2  Model  quasi-statically.  This  allows  the  modeler  to  see  solutions  over  a 
wide  range  of  magnetic  field  values. 

Using  the  menu  bar,  select  Solve  >  Solve  Problem. 

Postprocessing 

The  default  plot  is  a  2D  surface  plot  of  the  voltage  distribution  at  the  highest  value  of 
the  magnetic  field  (Bz  =  2  Tesla).  See  Figure  4.127. 
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I  FIGURE  4.126  2D  Hall_Effect_2  model  Solver  Parameters  window 


I  FIGURE  4.127  2D  Hal l_Effect_2  model  default  surface  voltage  distribution  plot 
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i    General  Surface 


Boundary  Arrow  Principal       ►  ' 


M  Contour  plot 


f  Contour  Data      Height  Data      Color  Data 


Predefined  quantities:      Electric  potential 
Expression:  [V 
Unit: 


Smooth 


Contour  levels 

Number  of  levels  Vector  with  isolevels 
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□  Labels 


Contour  color 
O  Colormap:  1   cool  J 

@  Uniform  color:       (  Color...  ) 
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□  Filled 


(    Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  4.128  2D  Hall_Effect_2  model  Plot  Parameters,  Contour  Data  page 


More  detailed  information  is  displayed  by  adding  contour  lines.  Using  the  menu 
bar,  select  Postprocessing  >  Plot  Parameters.  Click  the  Contour  tab.  Place  a  check 
mark  in  the  Contour  plot  check  box.  Click  the  Uniform  color  radio  button.  Click  the 
Color  select  button,  and  select  "Black."  See  Figure  4.128. 

Click  OK.  The  Hall  effect  voltage  (VH)  can  be  seen  as  the  voltage  difference 
between  the  top  electrode  and  the  bottom  electrode,  as  shown  in  Figure  4.129. 

The  exact  voltage  difference  at  any  point  in  the  model  can  be  determined  by 
creating  a  cross-section  plot.  Using  the  menu  bar,  select  Postprocessing  >  Cross- 
Section  Plot  Parameters.  Select  the  2T  solution  in  the  Solutions  to  use  window.  See 
Figure  4.130. 
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I  FIGURE  4.129  2D  Hall_Effect_2  model  surface  voltage  distribution  plot  (2T),  with  contour  lines 
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Plot  type 


@  Lint/Extrusion  plot    Q  Point  plot 


Tlnws 


Plot  in:  1  New  figure  M    [J  Keep  current  plot 
M  Display  cross-section  in  main  axes     (  Color...  "> 
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I  FIGURE  4.130  2D  Hall_Effect_2  model  Cross-Section  Plot  Parameters,  General  page 
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I  Table  4.20    Cross-Section  Line  Data  Edit  Window 


Line  Data  Value 

x0 

Oe-3 

x1 

Oe-3 

yO 

-4e-3 

yi 

4e-3 

Click  the  Line/Extrusion  tab.  Enter  the  coordinates  shown  in  Table  4.20  on  the 
Cross-Section  Plot  Parameters  page.  See  Figure  4.131. 

Click  OK.  Figure  4.132  shows  the  voltage  difference  (VH)  between  the  electrode 
(top)  and  the  modeled  Si  sample  (bottom),  for  the  line  x  =  0.  In  this  case,  VH  =  0.350 
volts  (Vhlgh  -  Vlow  =  0.350  V). 

Postprocessing  Animation 

This  solution  to  the  2D  Hall_Effect_2  model  can  also  be  viewed  as  an  animation.  To  view 
the  solution  as  a  movie,  using  the  menu  bar,  select  Postprocessing  >  Plot  Parameters. 
Once  the  Plot  Parameters  window  appears,  click  the  Animate  tab.  On  the  Animate  page, 
select  all  the  solutions  in  the  Stored  output  times  window  (see  Figure  4.133).  Click  the 
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Predefined  Quantities:  '  Hemic  potential 
Expression  "v 
Unit: 
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200 


^  Multiple  parallel  lines 

Number  of  lines  Vector  wtth  distances 
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(      Line  Settings...      j     (   Surface  Settings...  ) 


(    Help    )    (    Apply   )    (  Cancel  ) 


I  FIGURE  4.131  2D  Hall_Effect_2  model  Cross-Section  Plot  Parameters,  Line/Extrusion  page 
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O  r>  Q  Figun 

y§*  ff    ;*>  p  p  ,.y, 


Electric  potential  [V] 


I  FIGURE  4.132  2D  Hall_Effect_2  model  plot  l/h 


Start  Animation  button.  Save  this  2D  Hall  effect  model  animation  by  clicking  on  the 
disk  icon  on  the  player  screen.  Alternatively,  you  can  play  the  file  Movie4_HE_2.avi 
that  was  supplied  with  this  book. 

Second  Variation  on  the  2D  Hall  Effect  Model  

This  Hall  effect  model  demonstrates  the  effect  of  having  holes  as  the  carrier  in  this 
electronic  material  (a  p-type  semiconductor).  A  second,  lower  contact  has  been  added 
to  allow  the  use  of  an  external  balancing  circuit.  A  change  is  made  in  the  value  of  the 
conductivity,  because  holes  are  less  mobile  than  electrons  in  Si. 

note^  Semiconductors  have  two  types  of  carriers:  electrons  (n-type)  and  holes  (p- 
type).  In  a  purified  semiconductor,  such  as  silicon  (Si)  or  germanium  (Ge),  both  carriers 
are  thermally  activated  and  exist  in  equal  numbers .  That  native  conduction  mode  is 
called  the  intrinsic  conduction  mode. 

To  fabricate  electronic  device  structures,  foreign  atoms  (As  or  P  for  n-type  and  Al 
or  B  for  p-type)  are  added  to  the  host  lattice  (Si) .  The  carriers  are  more  easily  thermally 
activated  from  the  foreign  atoms  (dopant  atoms)  at  room  temperature.  This  non-native 
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(  Advanced...  ") 
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Q  Reverse  direction 

(H  Use  camera  settings  from  main  window 


(  Start  Animation"^) 


(    Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  4.133  2D  Hall_Effect_2  model  animation  Plot  Parameters  window 


conduction  mode  is  called  the  extrinsic  conduction  mode.  In  the  extrinsic  mode,  the 
carriers  activated  from  the  dopant  atoms  and  the  small  number  of  carriers  activated 
intrinsically  become  the  majority  carriers  (e.g.,  electrons).  The  second  carrier  (holes  in 
this  example)  becomes  the  minority  carrier.  The  electron  and  hole  carrier  densities  are 
related  by  the  mass  action  law:18 

np  =  n]  (4.10) 

where  nt  =  intrinsic  carrier  density 

n  =  electron  carrier  density 
p  =  hole  carrier  density 
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(      OK  1 


I  FIGURE  4.134  Multiphasics  Model  Navigator  window 


To  start  building  the  Hall_Effect_3  model,  activate  the  COMSOL  Multiphysics 
software.  In  the  Model  Navigator,  select  "2D"  from  the  Space  dimension  pull-down 
list.  Select  AC/DC  Module  >  Statics  >  Conductive  Media  DC.  Click  the  Multiphysics 
button,  and  then  click  the  Add  button.  See  Figure  4.134. 

Click  the  Application  Mode  Properties  button.  Select  "On"  from  the  Weak  con- 
straints pull-down  list.  Select  "Non-ideal"  from  the  Constraint  type  pull-down  list.  See 
Figure  4.135.  Click  OK. 


Properties 

Default  element  type:  [  Lagrange  -  Quadratic 


Weak  constraints:  '  On  |j| 
Constraint  type: 


(    He'P    )     (  Cancel  )     (     °*  > 


I  FIGURE  4.135  Application  Mode  Properties  window 


206  Chapter  4    2D  Modeling 


Table  4.21     Constants  Edit  Window 


Name 

Expression 

Description 

sigmaO 

2.4e2[S/m] 

Silicon  conductivity 

Rh 

1.25e-4[mA3/C] 

Hall  coefficient 

Bz 

0.1  [T] 

Magnetic  field 

coeffO 

sigma0/(1  +(sigmaO*Rh*Bz)A2) 

Conductivity  anisotropy  2 

VO 

5.0M 

Applied  voltage 

t_Si 

1.0e-3[m] 

Silicon  thickness 

coeffl 

sigmaO*Rh*Bz 

Conductivity  anisotropy  1 

si  1 

coeffO 

Conductivity  matrix  term  1 1 

s12 

-coeff0*coeff1 

Conductivity  matrix  term  1 2 

s21 

coeff0*coeff1 

Conductivity  matrix  term  21 

s22 

coeffO 

Conductivity  matrix  term  22 

Constants 

Using  the  menu  bar,  select  Options  >  Constants.  In  the  Constants  edit  window,  enter 
the  information  shown  in  Table  4.21;  also  see  Figure  4.136.  Click  OK. 

2D  Hall  Effect  Geometry 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  Enter  a  width  of 
1.8e-2,  and  a  height  of  6e-3.  Select  "Base:  Corner"  and  set  x  equal  to  -9e-3,  and 
y  equal  to  -3e-3  in  the  Rectangle  edit  window.  See  Figure  4.137. 


Name 

Expression 

Value  Description 

sigmaO 

2.4e2(S/-m) 

240[S/m)                  Silicon  conductivity  m 

1 

Rh 

1.25e-4[mM/C| 

(1.25e-4l[m3/(s  All      Hall  coefficient 

Bz 

o.im 

0.1P1                         Magnetic  field 

coeffO 

sigmaO/(l  +  (sigmaOWBz>*2> 

239.99784|5/m)           Conductivity  anisotropy  2 

VO 

S.0[V) 

5[V]                           Applied  voltage 

t_Si 

I.0e-3|m| 

0.001[m)                     Silicon  thickness 

coeffl 

sigmaO*Rh*Bz 

0 .0031 L :                     Conductivity  anisotropy  1 

sll 

coeffO 

239.99784|S/m|           Conductivity  matrix  term  1 1  | 

Sl2 

-coeffO*coeffl 

-0.719994[S/m|           Conductivity  matrix  term  12  j 

coeffO'coeffl 

0.719994[S/m]             Conductivity  matrix  term  2 1  • 

s22 

coeffO 

239.997S4[S/m|          Conductivity  matrix  term  22  I 

Help    )    (   Apply   )    (  Cancel  1    (     OK  ) 

I  FIGURE  4.136  2D  Hall_Effect_3  model  Constants  edit  window 
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-Size- 


Width:  1.8e-2 


Height:  6e-3 


Base:      [  Corner 


Rotation  angle 


(degrees) 


Style: 


I  FIGURE  4.137  2D  Hall_Effect_3  model  Rectangle  edit  window 

Click  OK,  and  then  click  the  Zoom  Extents  button.  See  Figure  4.138. 

In  this  model,  rectangles  will  be  added  to  the  boundary  of  the  rectangle  to  define 
the  location  of  the  positions  of  the  contacts  and  the  floating  contacts.  Using  the  menu 
bar,  select  Draw  >  Specify  Objects  >  Rectangle.  In  the  Draw  >  Specify  Objects  > 
Rectangle  edit  window,  individually  create  each  of  the  rectangles  shown  in  Table  4.22 
by  selecting  the  window,  entering  the  data,  and  then  clicking  OK. 

Click  the  Zoom  Extents  button.  Select  Draw  >  Create  Composite  Object.  Select 
all  of  the  rectangles.  Verify  that  the  Keep  interior  boundaries  check  box  is  checked. 
See  Figure  4.139. 


I  FIGURE  4.138  2D  Hall_Effect_3  model  rectangle  geometry 
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Table  4.22     Rectangle  Edit  Window 


Number  Width 

Height 

Base 

x  Location 

1 

2e-3 

1e-3 

Corner 

-1e-3 

3e-3 

2 

2e-3 

1e-3 

Corner 

-4e-3 

-4e-3 

3 

2e-3 

1e-3 

Corner 

2e-3 

-4e-3 

4 

1e-3 

6e-3 

Corner 

-1e-2 

-3e-3 

5 

1e-3 

6e-3 

Corner 

9e-3 

-3e-3 

Click  OK.  Figure  4.140  shows  the  composite  object. 

note1^  One  contact  rectangle  at  the  top  of  the  Hall  effect  model,  two  contact  rectangles 
at  the  bottom,  and  two  contact  rectangles  on  the  ends  are  added  to  the  boundary  of  the 
first  rectangle  so  that  the  contacts  and  the  floating  contacts  are  precisely  defined.  The 
three  contacts  (top  and  bottom)  are  a  typical  experimental  configuration  to  allow  the 
measuring  instrument  to  balance  the  circuit  and  offset  any  unintended  error  voltages. 


2D  Hall  Effect  Subdomain  Settings 

Using  the  menu  bar,  select  Physics  >  Subdomain  Settings.  Select  subdomains  1,3,4, 
5,  and  6  in  the  Subdomain  selection  window.  Enter  t_Si  in  the  d  (Thickness)  edit  win- 
dow. Verify  that  "Conductivity"  is  selected  in  the  Conductivity  relation  pull-down  list. 
Enter  sigmaO  in  the  Electric  conductivity  window.  See  Figure  4.141. 
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FIGURE  4.139  2D  Hall_Effect_3  model,  Create  Composite  Object  window 
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 ,,..„,..,... 


I  FIGURE  4.140  2D  Hall_Effect_3  model  geometry  with  added  rectangles 
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Subdomain  Settings  -  Conductive  Media  DC  (emdc) 
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(    Help    )    (   Apply   )    (  Cancel  ) 

I  FIGURE  4.141  2D  Hall_Effect_3  model  geometry,  Subdomain  Settings  (1 ,  3,  4,  5,  6) 
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Table  4.23    Matrix  Elements  Edit  Window 


Matrix  Element  Number  Value 

11 

s11 

12 

s12 

21 

s21 

22 

s22 

note^  These  matrix  elements  define  the  anisotropic  coupling  of  the  magnetic  field  and 
the  current  flowing  in  the  silicon  sample. 


Select  subdomain  2  in  the  Subdomain  selection  window.  Enter  t_Si  in  the  d 
(Thickness)  edit  window.  Verify  that  "Conductivity"  is  selected  in  the  Conductivity 
relation  pull-down  list.  Click  in  the  Electric  conductivity  edit  window.  Select 
"Anisotropic-full"  from  the  Conductivity  type  pull-down  list.  Enter  the  matrix  elements 
as  shown  in  Table  4.23;  see  Figures  4.142  and  4.143.  Click  OK. 
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I  FIGURE  4.142  2D  Hall_Effect_3  model  geometry,  Subdomain  Settings  (2) 
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I  FIGURE  4.143  2D  Hall_Effect_3  model  conductivity  matrix  elements 
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Table  4.24     Boundary  Settings 


Boundary  Numbe 

r  Condition 

dex     Source  Current/ 

Potential  Figure 

1 

Ground 

4.144 

2,  3,  5-7,  1 0-1 2, 

Electric  insulation 

4.145 

15-17,  20,  21 

23,  24 

8 

Floating  potential 

1 

0 

4.146 

14 

Floating  potential 

2 

0 

4.147 

18 

Floating  potential 

3 

0 

4.148 

25 

Electric  potential 

vo 

4.149 

note^  The  addition  of  the  group  index  designation  decouples  the  three  floating 
contacts  from  one  another. 


2D  Hall  Effect  Boundary  Settings 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  Enter  the  boundary  settings 
as  shown  in  Table  4.24.  See  Figures  4.144, 4.145, 4.146,  4.147, 4.148,  and  4.149. 
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(    Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  4.144  2D  Hall_Effect_3  model  Boundary  Settings  (1) 
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I  FIGURE  4.145  2D  Hall_Effect_3  model  Boundary  Settings  (2,  3,  5-7, 10-12, 15-17,  20,  21,  23,  24) 


Equation 


Croups 


6 

7  

10 

11 

12 

A 

T 

Croup:   

^2  Select  by  group 
Interior  boundaries 


I] 


Port      Weak  Constr. 


ColoryStyle  L 


Boundary  sources  and  constraints 

Library  material 


Boundary  condition:   i   Ftoating  potentla|  ^ 


Value/Expression 


Unit 

1 

A 


Description 

Croup  index 
Source  current 


(    Help    )    (   Apply   )    (  Cancel  ) 

I  FIGURE  4.146  2D  Hal l_Effect_3  model  Boundary  Settings  (8) 
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I  FIGURE  4.147  2D  Hall_Effect_3  model  Boundary  Settings  (14) 
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I  FIGURE  4.148  2D  Hall_Effect_3  model  Boundary  Settings  (18) 
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Croup:   l] 

Select  bv  group 
^  Interior  boundaries 


I  FIGURE  4.149   2D  Hall_Effect_3  model  Boundary  Settings  (25) 


Click  the  Weak  Constr.  tab.  Verify  that  the  Use  weak  constraints  check  box  is 
checked.  See  Figure  4.150. 

Click  OK.  The  final  configuration  of  the  boundary  settings  is  shown  in  Figure  4.151 . 

2D  Hall  Effect  Mesh  Generation 

Using  the  menu  bar,  select  Mesh  >  Initialize  Mesh.  Click  the  Refine  Mesh  button 
twice.  See  Figure  4.152. 
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(    Help    )     (   Apply   )     (  Cancel  ) 

I  FIGURE  4.150  2D  Hall_Effect_3  model  Boundary  Settings,  Weak  Constr.  page 
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I  FIGURE  4.151  2D  Hall_Effect_3  model  boundary  settings,  final  configuration 


I  FIGURE  4.152  2D  Hall_Effect_3  model  mesh 
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Solver  Parameters 


fVj  Auto  select  solver 
Solver: 


Stationary 
Time  dependent 
[Eigenvalue 

Stationary  segregated 
I  Parametric  segregated 


□  Adaptive  mesh  refinement 


General      Parametric      Stationary      Adaptive      Advanced  L_ 


Parameter 


Parameter  name: 
Parameter  values: 


Linear  system  solver 

Linear  system  solver:   '   Direct  (UMFPACK) 

Preconditioner 


3 


(  Settings...  ) 


Matrix  symmetry: 


I  FIGURE  4.153  2D  Hall_Effect_3  model  Solver  Parameters  window 


Solving  the  Second  Variation  on  the  2D  Hall  Effect  Model 

Using  the  menu  bar,  select  Solve  >  Solver  Parameters.  In  the  Solver  selection  window, 
select  "Parametric."  In  the  Parameter  name  edit  window,  enter  Bz.  In  the  Parameter 
values  edit  window,  enter  0:0.1:2.0.  See  Figure  4.153.  Click  OK. 


note^  The  Parametric  Solver  is  chosen,  in  this  case,  so  that  the  modeler  can  solve  the 
Hall_Effect_3  Model  quasi-statically.  This  allows  the  modeler  to  see  solutions  over  a 
wide  range  of  magnetic  field  values. 

Using  the  menu  bar,  select  Solve  >  Solve  Problem. 
Postprocessing 

The  default  plot  is  a  2D  surface  plot  of  the  voltage  distribution  at  the  highest  value  of 
the  magnetic  field  (Bz  =  2  Tesla).  See  Figure  4.154. 
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I  FIGURE  4.154  2D  Hall_Effect_3  model  default  surface  voltage  distribution  plot 


More  detailed  information  is  displayed  by  adding  contour  lines.  Using  the  menu 
bar,  select  Postprocessing  >  Plot  Parameters.  Click  the  Contour  tab.  Place  a  check 
mark  in  the  Contour  plot  check  box.  Click  the  Uniform  color  radio  button.  Click  the 
Color  select  button,  and  select  "Black."  See  Figure  4.155. 

Click  OK.  See  Figure  4.156. 

The  exact  voltage  difference  at  any  point  in  the  model  can  be  determined  by 
creating  a  cross-section  plot.  Using  the  menu  bar,  select  Postprocessing  >  Cross- 
Section  Plot  Parameters.  Select  the  2T  solution  in  the  Solutions  to  use  window.  See 
Figure  4.157. 

Click  the  Line/Extrusion  tab.  Enter  the  coordinates  shown  in  Table  4.25  on  the 
Cross-Section  Plot  Parameters  page. 

I  Table  4.25    Cross-Section  Line  Data  Edit  Window 
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Plot  Parameters 
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M  Contour  plot 
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(    Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  4.155  2D  Hall_Effect_3  model  Plot  Parameters,  Contour  Data  page 


Select  "y"  on  the  x-axis  data  pull-down  list.  See  Figure  4.158. 

Click  OK.  Figure  4.159  shows  the  voltage  difference  (VH)  between  the  electrode 
(top)  and  the  modeled  Si  sample  (bottom),  for  the  line  x  =  0.  In  this  case,  VK  =  0.085 
volts  (Vhlgh  -  Vlow  =  0.085  V). 

Postprocessing  Animation 

This  solution  to  the  2D  Hall_Effect_3  model  can  also  be  viewed  as  an  animation.  To 
view  the  solution  as  a  movie,  using  the  menu  bar,  select  Postprocessing  >  Plot 
Parameters.  Once  the  Plot  Parameters  window  appears,  click  the  Animate  tab.  On  the 
Animate  page,  select  all  the  solutions  in  the  Stored  output  times  window  (see  Figure 
4.160).  Click  the  Start  Animation  button.  Save  this  2D  Hall  effect  model  animation  by 
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I  FIGURE  4.156  2D  Hall_Effect_3  model  surface  voltage  distribution  plot  (2T),  with  contour  lines 
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I  FIGURE  4.157  2D  Hall_Effect_3  model  Cross-Section  Plot  Parameters,  General  page 
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I  FIGURE  4.158  2D  Hall_Effect_3  model  Cross-Section  Plot  Parameters,  Line/Extrusion  page 
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I  FIGURE  4.159  2D  Hall_Effect_3  model  plot  VH 
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Plot  Parameters 


Particle  Tracing 


Movie  settings 
File  type: 
Width  (in  pixels): 
Height  (in  pixels): 
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(  Advanced...  ") 
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Q  Use  camera  settings  from  main  window 
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I  FIGURE  4.160  2D  Hall_Effect_3  model  animation  Plot  Parameters  window 


clicking  on  the  disk  icon  on  the  player  screen.  Alternatively,  you  can  play  the  file 
Movie4_HE_3  .avi  that  was  supplied  with  this  book. 

2D  Hall  Effect  Models:  Summary  and  Conclusions 

The  models  presented  in  this  section  of  Chapter  4  have  introduced  the  following  new 
concepts:  two-dimensional  modeling  (2D),  the  Hall  effect,  AC/DC  Module,  Conductive 
Media  DC,  weak  constraints,  floating  contacts,  anisotropic  conductivity,  semiconductor 
dual-carrier  types,  and  imbalance-offset  geometry.  The  2D  Hall  effect  model  is  a  pow- 
erful tool  that  can  be  used  to  model  Hall  effect  magnetic  sensors  for  sensing  fluid  flow, 
rotating  or  linear  motion,  proximity,  current,  pressure,  and  orientation.  A  comparison  of 
the  calculated  results  for  the  three  Hall  effect  models  is  shown  in  Table  4.26. 
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Table  4.26     Hall  Effect  Modeling  Results  Summary 


Model 


Floating  Conta 

Point  defined 


HE_1 


n-type  (electron) 
n-type  (electron) 


HE_2 


Dual  rectangle  defined 


0.350 


~+3 


HE 


Triple  rectangle  defined 


p-type  (hole) 


0.085 


75 


The  differences  between  the  calculations  for  the  tested  models  for  the  n-type  car- 
rier are  in  the  range  of  a  few  percentage  points.  It  can  clearly  be  seen  that  the  p-type 
silicon  is  only  one-fourth  as  sensitive  as  the  n-type  material.  That  reduction  in  sensi- 
tivity is  attributable  to  the  low  hole  mobility.  It  is  left  to  the  modeler  to  explore  other 
differences  between  the  models  by  variation  of  the  parameters,  as  suggested  in  the 
exercises  at  the  end  of  this  chapter. 
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■  Exercises 

1 .  Build,  mesh,  and  solve  the  COMSOL  2D  electrochemical  polishing  model  problem 
presented  in  this  chapter. 

2.  Build,  mesh,  and  solve  the  first  variation  of  the  2D  electrochemical  polishing 
model  problem  presented  in  this  chapter. 

3.  Build,  mesh,  and  solve  the  second  variation  of  the  2D  electrochemical  polishing 
model  problem  presented  in  this  chapter. 

4.  Build,  mesh,  and  solve  the  Hall  effect  model  presented  in  this  chapter. 

5.  Build,  mesh,  and  solve  the  first  variation  of  the  Hall  effect  model  presented  in  this 
chapter. 

6.  Build,  mesh,  and  solve  the  second  variation  of  the  Hall  effect  model  presented  in 
this  chapter. 

7.  Explore  other  variations  of  the  arguments  in  the  COMSOL  2D  electrochemical 
polishing  models. 

8.  Explore  other  variations  of  the  arguments  in  the  Hall  effect  models. 

9.  Explore  how  an  increase  in  the  run  time  modifies  the  behavior  of  the  COMSOL 
2D  electrochemical  polishing  model. 

10.  Explore  how  changes  in  the  sample  geometry  affect  the  behavior  of  the  Hall  effect 
model. 
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■  2D  Axisymmetric  Guidelines  for  New  COMSOL®  Multiphysics®  Modelers 
2D  Axisymmetric  Modeling  Considerations 

2D  axisymmetric  modeling  can  be  less  difficult  than  ID  modeling  and  is  about  the 
same  level  of  difficulty  as  2D  modeling.  Specifically,  2D  axisymmetric  modeling 
has  fewer  implicit  assumptions  than  ID  modeling.  The  2D  axisymmetric  model 
requires  the  modeler  to  think  in  terms  of  cylindrical  coordinates  and  rotational 
symmetry.  Such  models  can  be  challenging  to  build,  depending  on  the  underlying 
physics  involved.  The  least  difficult  aspect  of  2D  axisymmetric  model  building 
arises  from  the  fact  that  the  geometry  is  still  relatively  simple.  (In  a  2D  model,  the 
modeler  has  only  a  single  plane  as  the  modeling  space.)  However,  the  physics  and 
the  rotational  nature  of  the  geometry  in  a  2D  axisymmetric  model  can  range  from 
relatively  easy  to  extremely  complex. 
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note^"  COMSOL®  Multiphysics®  software  has  two  2D  modeling  modes:  2D 
(beginning-level  through  advanced-level  2D  modeling)  and  2D  axisymmetric 
(advanced-level  2D  modeling).  In  keeping  with  the  introductory  focus  of  the  material 
in  this  text,  both  of  the  model  types  — that  is,  the  2D  model  introduced  in  Chapter  4, 
and  the  2D  axisymmetric  model  introduced  in  this  chapter— along  with  the  associated 
physics  and  the  related  methodology  for  use  of  the  models,  are  introduced  in  this  book. 
Significantly  more  advanced  2D  modeling  techniques  exist  than  those  presented  here  in 
Chapters  4  and  5 .  Examples  of  some  of  those  more  difficult  techniques  are  reserved 
for  introduction  in  later  chapters  (6  and  7) .  For  further  expansion  of  your  2D  modeling 
horizons,  refer  to  the  COMSOL  Manuals,  the  COMSOL  website,  and  the  general 
COMSOL  Multiphysics  software -related  research  literature. 

The  2D  axisymmetric  model  implicitly  assumes,  in  compliance  with  the  laws  of 
physics,  that  the  energy  flow,  the  materials  properties ,  the  environment,  and  any  other 
conditions  and  variables  that  are  of  interest  are  homogeneous,  isotropic,  or  constant, 
unless  otherwise  specified,  throughout  the  entire  domain  of  interest,  both  within  the 
model  and,  through  the  boundary  conditions,  in  the  environs  of  the  model.  Bearing 
that  in  mind,  the  modeler  needs  to  ensure  that  all  of  the  modeling  conditions  and  asso- 
ciated parameters  (default  settings)  in  each  new  model  created  have  been  properly 
considered,  defined,  or  set  to  the  appropriate  value(s). 

The  modeler  also  needs  to  seriously  consider  the  steps  that  will  be  required  to 
establish  the  correct  postprocessing  and  visualization  settings  so  as  to  extract  the 
desired  information  from  the  modeling  solution.  The  default  parameter  settings  on 
any  given  model  will  probably  not  present  exactly  the  information  that  the  modeler 
needs  or  desires,  although  it  may  come  close  to  meeting  the  modeler's  demands.  It 
is  the  responsibility  of  the  modeler  to  determine  exactly  which  of  the  myriad  of 
postprocessing  and  visualization  choices  available  in  the  COMSOL  Multiphysics 
software  to  employ. 

note^'  As  mentioned  previously,  it  is  always  preferable  for  the  modeler  to  be  able  to 
accurately  anticipate  the  expected  behavior  (results)  of  the  model  and  the  presentation 
of  its  results .  Do  not  assume  that  the  default  values  that  are  initially  present  when  the 
model  is  first  created  will  suit  the  needs  of  the  new  model.  Always  verify  that  the 
values  employed  in  the  model  are  the  correct  values  needed  for  that  model.  Calculated 
solution  values  that  significantly  deviate  from  the  expected  values  or  from  comparison 
values  measured  in  experimentally  derived  realistic  models  are  probably  indicative  of 
one  or  more  modeling  errors  either  in  the  original  model  design,  in  the  earlier  model 
analysis,  or  in  the  understanding  of  the  underlying  physics,  or  they  may  simply  be  due 
to  human  error. 
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2D  Axisymmetric 


Cylindrical  Coordinates 
I  FIGURE  5.1  2D  axisymmetric  coordinate  system 


2D  Axisymmetric  Coordinate  System 

In  2D  axisymmetric  models,  there  are  two  geometrical  coordinates:  space  (r)  and 
space  (z).  See  Figure  5.1. 

In  the  steady-state  solution  to  any  2D  axisymmetric  model,  parameters  can  vary 
only  as  a  function  of  the  radial  position  in  space  (r)  and  the  axial  position  space  (z) 
coordinates.  Such  a  model  represents  the  parametric  condition  of  the  model  in  a 
time-independent  mode  (quasi-static).  In  a  transient  solution  model,  parameters  can 
vary  both  by  position  in  space  (r)  and  space  (z)  and  in  time  (f) .  The  transient  solution 
model  is  essentially  a  sequential  collection  of  steady-state  (quasi-static)  solutions. 
The  space  coordinates  (r)  and  (z)  typically  represent  a  distance  coordinate  through- 
out which  the  model  is  to  calculate  the  change  of  the  specified  observables  (i.e., 
temperature,  heat  flow,  pressure,  voltage,  current)  over  the  range  of  values  (rmin<= 
r  <=  rmax)  and  (zmin<=  z  <=  zmax).  The  time  coordinate  it)  represents  the  range  of 
values  (fmin  <=  t  <  =  fmax)  from  the  beginning  of  the  observation  period  (fmin)  to  the 
end  of  the  observation  period  (fmax). 

To  assist  the  reader  in  achieving  a  broader  exposure  to  the  applicability  of  the 
physics  discussed  in  this  chapter  and  to  demonstrate  the  power  of  the  basic 
COMSOL  2D  axisymmetric  modeling  techniques,  the  examples  in  this  chapter 
demonstrate  heat  transfer  modeling  techniques  from  two  substantially  different 
approaches.  Heat  transfer  is  an  extremely  important  design  consideration.  It  is  one 
of  the  most  widely  needed  and  applied  technologies  employed  in  applied  engi- 
neering and  physics.  Most  modern  products  or  processes  require  an  understanding 
of  heat  transfer  either  during  development  or  during  the  use  of  the  product  or  process 
(e.g.,  automobiles,  plate  glass  fabrication,  plastic  extrusion,  plastic  products,  houses, 
ice  cream). 
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note^  Heat  transfer  concerns  have  existed  since  the  beginning  of  prehistory.  The 
science  of  thermodynamics,  and  consequently  the  present  understanding  of  heat 
transfer,  started  with  the  work  of  Nicolas  Leonard  Sadi  Carnot,  as  published  in  his  1824 
paper  titled  "Reflections  on  the  Motive  Power  of  Fire."1  The  first  use  of  the  term 
"thermodynamics"  is  attributed  to  William  Thomson  (Lord  Kelvin).2  Subsequent 
contributions  to  the  understanding  of  heat,  heat  transfer,  and  thermodynamics  in  general 
were  made  by  James  Prescott  Joule,3  Ludwig  Boltzmann,4  James  Clerk  Maxwell,5  Max 
Planck,6  and  numerous  others.  The  physical  understanding  and  engineering  use  of 
thermodynamics  play  a  very  important  role  in  the  technological  aspects  of  machine  and 
process  design  in  modern  applied  science,  engineering,  and  medicine. 

The  first  example  presented  in  this  chapter,  on  cylinder  conduction,  explores  the 
2D  axisymmetric  steady-state  modeling  of  heat  transfer  and  temperature  profiling  for 
a  thermally  conductive  material,  implemented  through  use  of  the  COMSOL  Heat 
Transfer  Module.  In  the  first  variation  on  the  cylinder  conduction  model,  a  model  is 
built  using  the  basic  COMSOL  Multiphysics  software.  The  calculated  modeling  results 
are  then  compared.  The  second  variation  on  the  cylinder  conduction  model  explores  the 
use  of  heat  transfer  modeling  for  low-pressure  gas/vacuum  environments. 

The  second  2D  axisymmetric  modeling  example  in  this  chapter,  titled  Thermos_ 
Container,  explores  the  modeling  of  heat  loss  for  thermally  insulated  containers. 

^kh^^"  Insulated  containers  can  be  found  applied  in  many  different  applications  in 
modern  society.  Examples  include  Thermos  containers,  water  heaters,  and  refrigerated 
liquid  containers  (for  fuels,  liquified  gases,  heat  exchangers,  and  so  on). 

Heat  Conduction  Theory  

Heat  conduction  is  a  naturally  occurring  process  that  is  readily  observed  in  many  aspects 
of  modern  life  (e.g.,  refrigerators,  freezers,  microwave  ovens,  thermal  ovens,  engines). 
The  heat  transfer  process  allows  both  linear  and  rotational  work  to  be  done  in  the  gener- 
ation of  electricity  and  the  movement  of  vehicles.  The  initial  understanding  of  transient 
heat  transfer  was  developed  by  Newton7  and  started  with  Newton's  law  of  cooling:8 


dQ 
dt 


=  h*A*{Ts  -  TE) 


(5.1) 


where 


— —  is  the  incremental  energy  lost  in  joules  per  unit  time  (J/s) 


dt 


A  is  the  energy  transmission  surface  area  (m2) 

h  is  the  heat  transfer  coefficient  [W/(m2*K)] 

Ts  is  the  surface  temperature  of  the  object  losing  heat  (K) 

TE  is  the  temperature  of  the  environment  gaining  heat  (K) 


2D  Axisymmetric  Heat  Conduction  Modeling  229 


Subsequent  work  by  Jean  Baptiste  Joseph  Fourier,9  based  on  Newton's  law  of 
cooling,  developed  the  law  for  steady-state  heat  conduction  (known  as  Fourier's 
law10).  Fourier's  law  is  expressed  here  in  differential  form: 

q  =  -kVT  (5.2) 

where       q  is  the  heat  flux  in  watts  per  square  meter  (W/m2) 

k  is  the  thermal  conductivity  of  the  material  [W/(m*K)] 
VT  is  the  temperature  gradient  (K/m) 


■  2D  Axisymmetric  Heat  Conduction  Modeling 

The  following  numerical  solution  model  (cylinder  conduction)  was  originally  developed 
by  COMSOL  as  a  tutorial  model  based  on  an  example  from  the  NAFEMS  collection.11 
It  was  developed  for  distribution  with  the  Multiphysics  software  as  a  COMSOL 
Multiphysics  General  Heat  Transfer  Application  Mode  Model  in  the  Heat  Transfer 
Module  Model  Library.  This  model  introduces  two  important  basic  concepts  that  apply 
to  both  applied  physics  and  applied  modeling:  axisymmetric  geometry  (cylindrical) 
modeling  and  heat  transfer  modeling. 

note'^  It  is  important  for  the  new  modeler  to  personally  build  each  model  presented 
within  the  text.  There  is  no  substitute  in  the  path  to  an  understanding  of  the  modeling 
process  for  the  hands-on  experience  of  actually  building,  meshing,  solving,  and  postpro- 
cessing a  model.  Many  times  the  inexperienced  modeler  will  make  and  subsequently 
correct  errors,  thereby  adding  to  his  or  her  experience  and  fund  of  modeling  knowledge. 
Even  building  the  simplest  models  will  expand  the  modeler's  fund  of  knowledge. 

Heat  transfer  modeling  is  important  in  physical  design  and  applied  engineering  prob- 
lems. Typically,  the  modeler  desires  to  understand  heat  generation  during  a  process  and 
to  either  add  heat  or  remove  heat  to  achieve  or  maintain  a  desired  temperature.  Figure  5 .2 
shows  a  3D  rendition  of  the  2D  axisymmetric  cylinder  conduction  geometry,  as  will  be 
modeled  here.  The  dashed-line  ellipses  in  Figure  5.2  indicate  the  3D  rotation  that  would 
need  to  occur  to  generate  the  3D  solid  object  from  the  2D  cross  section  shown. 

2D  Axisymmetric  Cylinder  Conduction  Model 


note^  This  model  is  derived  from  the  COMSOL  cylinder  conduction  model.  In  this 
model,  however,  the  selected  thermally  conductive  solid  is  niobium  (Nb).1213  Niobium 
has  a  variety  of  uses  — as  an  alloying  element  in  steels,  as  an  alloying  element  in 
titanium  turbine  blades,  in  superconductors,  as  an  anticorrosion  coating,  as  an  optical 
coating,  and  as  an  alloy  in  coinage. 
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2D  Axisymmetric 


V 

y  Model 

z 

Cylinder 
Cross  Section 
<  

 :  >- 

Cylindrical  Coordinates 
I  FIGURE  5.2  3D  rendition  of  the  2D  axisymmetric  cylinder  conduction  model 

To  start  building  the  Cylinder_Conduction_l  model,  activate  the  COMSOL 
Multiphysics  software.  In  the  Model  Navigator,  select  "Axial  symmetry  (2D)"  from 
the  Space  dimension  pull-down  list.  Next  select  Heat  Transfer  Module  >  General  Heat 
Transfer  >  Steady-state  analysis.  See  Figure  5.3.  Click  OK. 


ilodel  Navigator 

f  New      Model  Library      User  Models      Open  Settings 


Space  dimension: 


Axial  symmetry  (2D> 


^  Application  Modes 

►  [_J  COMSOL  Multiplies 

►  Q  AC/DC  Module 

T  IB  Heat  Transfer  Module 


t  [  |  General  Heat  Transfer 

r-iM «a 

Qj  Transient  analysis 

►  Q)  Bioheat  Equation 

►  Q|  Weakly  Compressible  Navier-Stokes 

►  Q|  k-£  Turbulence  Model 

►  [j  k-iu  Turbulence  Model 

►  L!J  Electro-Thermal  Interaction 

►  Q  Fluid-Thermal  Interaction 


Dependent  variables: 


TJ 


Application  mode  name:  htgh 
Element: 


Description: 


Heat  transfer  by  conduction, 
convection,  and  radiation. 


Steady-state  analysis  in  2D  axial 
symmetry. 


Lagrange -T2  J,         jj  r~ 


Multiphysics 


(    Heip    >     f  Cancel  A     (     OK  > 

I  FIGURE  5.3  2D  axisymmetric  Cylinder_Conduction_1  Model  Navigator  setup 
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Table  5.1     Constants  Edit  Window 


Description 

k_Nb 

52.335[W/(m*K)] 

Thermal  conductivity  Nb 

rho_Nb 

8.57e3[kg/mA3] 

Density  Nb 

Cp_Nb 

2.7e2[J/(kg*K)] 

Heat  capacity  of  Nb 

T„0 

2.731 5e2[K] 

Boundary  temperature 

q_0 

5e5[W/mA2] 

Heat  flux 

Constants 

Using  the  menu  bar,  select  Options  >  Constants.  In  the  Constants  edit  window,  enter 
the  information  shown  in  Table  5.1;  also  see  Figure  5.4.  Click  OK. 

"not^^"  When  building  a  model,  it  is  usually  best  to  consolidate  the  calculational  param- 
eters (e.g.,  constants,  scalar  expressions)  in  a  small  number  of  appropriate,  convenient 
locations  (e.g.,  a  Constants  file,  a  Scalar  Expressions  file)  so  that  they  are  easy  to  find 
and  modify  as  needed.  Since  the  settings  in  Constants  and  Scalar  Expressions  edit 
windows  can  be  imported  and  exported  as  text  files,  the  appropriate  text  file  can  be 
modified  in  a  text  editor  and  then  reimported  into  the  correct  Constants  or  Scalar 
Expressions  edit  window. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  Enter  a  width  of 
0.08  and  a  height  of  0.14.  Select  "Base:  Corner"  and  set  r  equal  to  0.02  and  z  equal  to  0 
in  the  Rectangle  edit  window.  See  Figure  5 .5 . 

Click  OK,  and  then  click  the  Zoom  Extents  button.  See  Figure  5.6. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Point.  In  the  Point  edit 
window,  enter  the  information  shown  in  Table  5.2.  See  Figure  5.7. 

Click  OK.  See  Figure  5.8. 


Name 

Expression 

Value 

k  Nb 

52.335IW/<m*K)l 

52.335IW/<m  K)] 
8570|kg/m5) 

Thermal  conductivity  Nb 

rho_Nb 

8.57e3|kg/m*3| 

Density  Nb 

Cp_Nb 

2.7e2u7(kg'K>| 

270[|/(kg  K)] 

273.15|KJ 

5e5(W,ni'| 

Heat  capacity 

TJ> 

2.7315e2|Kl 

Boundary  temperature 

q_0 

5c5(W/m*2i 

Heat  flux 

li 

y  (     Help     )     (    Apply    )     (  Cancel   )     (  816—) 


I  FIGURE  5.4  2D  axisymmetric  Cylinder_Conduction_1  model  Constants  edit  window 
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Width:  0.08 


Height:  0.14 


Base: 


Rotation  angle 


(degrees! 


I  FIGURE  5.5  2D  axisymmetric  Cylinder_Conduction_1  model  Rectangle  edit  window 


I  FIGURE  5.6  2D  axisymmetric  Cylinder_Conduction_1  model  cylinder  rectangle 
I  Table  5.2    Point  Edit  Window 


Name          r  Location         z  Location 


Point  1  0.02 
Point  2  0.02 


0.04 
0.1 
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Coordinates - 

r:  j  0.02  0.02 

z:    0.04  0.1 

(  Cancel  ) 

(    Apply  ) 

Name:  PT1 

I  FIGURE  5.7  2D  axisymmetric  Cylinder_Conduction_1  model  Point  edit  window 


note^  Two  points  have  been  added  on  the  interior  (small  r  value)  boundary  of  the 
rectangle  (cylinder  cross  section)  to  define  the  upper  (larger  z  value)  and  lower  (smaller 
z  value)  bounds  of  the  heat- flux  application  region. 

Physics  Subdomain  Settings:  General  Heat  Transfer 

Having  established  the  geometry  for  the  2D  axisymmetric  Cylinder_Conduction_l 
model  (a  rectangle  with  two  points  on  the  boundary),  the  next  step  is  to  define  the  fun- 
damental Physics  conditions.  Using  the  menu  bar,  select  Physics  >  Subdomain  Settings. 
Select  subdomain  1  in  the  Subdomain  selection  window  (the  only  available  subdomain). 


(OM.oi  ouo  roM(SMA»,ric»iocIi««TfS6lio 


I  FIGURE  5.8  2D  axisymmetric  Cylinder_Conduction_1  model  rectangle  with  points 
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Table  5.3    Subdomain  Edit  Windows 


Name 

Description 

k  (isotropic) 
P 

CP 

k_Nb 

rho_Nb 

Cp_Nb 

Thermal  conductivity 

Density 

Heat  capacity 

In  the  Subdomain  edit  windows,  enter  the  information  shown  in  Table  5.3;  also  see 
Figure  5.9.  Click  OK. 

note^  For  static  and  quasi-static  calculations,  the  only  physical  property  value 
required  for  the  conduction  calculation  is  k  (k_Nb) .  From  the  point  of  view  of  physical 
consistency,  however,  the  density  (rho_Nb)  and  the  heat  capacity  (Cp_Nb)  should  be 
included  as  well.  If  Cp  and  rho  are  set  to  zero,  the  implication  is  the  model  includes  a 
perfect  vacuum,  which  is  logically  inconsistent  with  the  stated  value  of  k.  Also,  by 
including  the  values  for  Cp  and  rho  in  this  location,  they  are  conveniently  available 
should  the  modeler  wish  to  modify  the  model  for  transient  analysis. 


equation 
V(-kVT)  =  Q 
T  =  temperature 


Croups 


Subdomain  selection 


Croup: 


[  1  Select  by  group 

Ml  Active  in  this  domain 


Convection 


Init 


Thermal  properties  and  heat  sources/sinks 


Library  material:  1 


Ti 


Quantity  Value/Expression 

@  k  (isotropic)  k_Nb 


rho  Nb 


O  k  (anisotropic)     too  0  0  400 
P 

CP 
Q 


Opacity 


Cp_Nb 

c 


Unit  Description 

-  W/(m  K)  xherma|  conductivity 

W/(m  K)  Therma|  conductivity 
~  kB/m3  Density 

J/(kg-K)  Heat  capacity  at  constant  pressure 

„>   


W/mJ 


(    Help    )    (   Apply  )    (  Cancel  ^    (     OK  ) 

I  FIGURE  5.9  2D  axisymmetric  Cylinder_Conduction_1  model  Subdomain  Settings  edit  window 
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Table  5.4     Boundary  Settings-General  Heat  Transfer  Edit  Window 


Boundary        Boundary  Condition        Value/Expression        Figure  Number 

1,  4 

Thermal  insulation 

5.10 

2,  5,  6 

Temperature 

T_0 

5.11 

3 

Heat  flux 

q_0 

5.12 

Physics  Boundary  Settings:  General  Heat  Transfer 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  For  the  indicated  boundaries, 
select  and/or  enter  the  given  boundary  condition  and  value  as  shown  in  Table  5.4. 
Click  OK.  See  Figures  5.10,  5.11,  and  5.12. 

Mesh  Generation 

On  the  toolbar,  click  the  Initialize  Mesh  button  once.  Click  the  Refine  Mesh  button 
once.  This  results  in  a  mesh  of  approximately  2200  elements.  See  Figure  5.13. 


Equation 
-n(-kVT>-0 


Croups  1 


Boundary  selection 


Croup: 


Q  Select  by  group 
^  Interior  boundaries 


Bour 


Highly  Conductive  Layer       Element      Color  /Style 


r 


Boundary  sources  and  constraints 
Library  coefficient 
Boundary  condition 


j|    (  Load...  ) 


Quantity 

"0 


Radiation  type 


Thermal  insulation  ; 
Value/Expression  Unit  Description 

W/m2       Inward  heat  flux 

W/(m2  K>  Heat  transfer  coefficient 
K 


273.15 


273.15 


Member  of  group(s). 


epsllon_htgh,sigma_h  W/m 
1 


External  temperature 
Temperature 

Surface  emissivity 
Ambient  temperature 
Surface  radiosity  expression 


(  H""  )  (        )  (  c"«'  )  (  °*  ) 

I  FIGURE  5.10  2D  axisymmetric  Cylinder_Conduction_1  model  Boundary  Settings  (1 ,  4)  edit  window 
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Equation 
T  =  Tn 


I  Boundaries  Groups 
Boundary  selection  — 


h 


Croup: 
Q  Select  by  group 
Q  Interior  boundaries 


Highly  Conductive  Layer      Element  Color/Style 


Value/Expression 


Boundary  sources  and  constraints 

Library  coefficient:  '  

Boundary  condition: 
Quantity 

h 

To 

Radiation  type. 


j§    (   Load...  ) 


of  group(s): 


epsiton_htgh*sigma_h  W/fi2 
1 


Unit  Description 

W/m2       Inward  heat  flux 

W/{m2  K)  Heat  transfer  coefficient 

K  External  temperature 

K 

Temperature 

1  Surface  emissivity 

K  Ambient  temperature 

Surface  radiosity  expression 


(    Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  5.11  2D  axisymmetric  Cylinder_Conduction_1  model  Boundary  Settings  (2,  5,  6)  edit  window 


Solving  the  2D  Axisymmetric  Cylinder_Conduction_l  Model 

Using  the  menu  bar,  select  Solve  >  Solve  Problem.  The  COMSOL  Multiphysics  soft- 
ware automatically  selects  the  Stationary  Solver. 

note^  The  COMSOL  Multiphysics  software  automatically  selects  the  solver  best 
suited  for  the  particular  model  based  on  the  overall  evaluation  of  the  model.  The 
modeler  can,  of  course,  always  change  the  chosen  solver  or  the  parametric  settings.  It  is 
usually  best  to  try  the  selected  solver  and  default  settings  first  to  determine  how  well 
they  work.  Then,  once  the  model  has  been  run,  the  modeler  can  do  a  variation  on  the 
model  parameter  space  to  seek  improved  results. 

Figure  5.14  shows  the  modeling  solution  results  obtained  using  single-value 
parameters  with  the  default  solver  (UMFPACK). 

Parametric  Solving  of  the  2D  Axisymmetric  Cylinder_Conduction_l  Model 

Now  that  the  model  has  been  built,  it  is  relatively  easy  to  expand  the  model  to  calcu- 
late other  quasi-static  solutions. 
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I  FIGURE  5.12  2D  axisymmetric  Cylinder_Conduction_1  model  Boundary  Settings  (3)  edit  window 
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I  FIGURE  5.13  2D  axisymmetric  Cylinder_Conduction_1  model  Mesh  window 
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I  FIGURE  5.14  2D  axisymmetric  Cylinder_Conduction_1  model  using  the  default  solver 


note^  This  time,  instead  of  using  the  default  solver,  the  model  is  ran  using  multiple 
value  parameters  in  the  Parametric  Solver  (UMFPACK)  as  the  initial  solver.  The 
Parametric  Solver  (UMFPACK)  results  include  not  only  the  default  solution,  but  also 
solutions  at  a  number  of  other  values  of  heat  flux  (q_0). 


Using  the  menu  bar,  select  File  >  Save  as.  Enter  Cylinder_Conduction_lp. 

From  the  menu  bar,  select  File  >  Reset  Model  >Yes.  On  the  menu  bar,  click  the 
Initialize  Mesh  button  once.  Click  the  Refine  Mesh  button  once.  This  results  in  a  mesh 
of  approximately  2200  elements. 

From  the  menu  bar,  select  Solve  >  Solver  Parameters  >  Parametric.  Enter  q_0 
in  the  Parameter  name  edit  window.  Enter  0:5e3:5e5  in  the  Parameter  values  edit 
window.  See  Figure  5.15.  Click  OK. 

From  the  menu  bar,  select  Solve  >  Solve  Problem.  See  Figure  5.16. 

Postprocessing  Animation 

Select  Postprocessing  >  Plot  Parameters  >  Animate.  Select  or  verify  that  all  of  the 
solutions  in  the  Solutions  to  use  window  are  selected.  See  Figure  5.17. 
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(  Sellings...  ) 
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I  FIGURE  5.15  2D  axisymmetric  Cylinder_Conduction_1  p  model  Solver  Parameters  edit  window 
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I  FIGURE  5.16  2D  axisymmetric  Cylinder_Conduction_1p  model  using  the  Parametric  Solver  (UMFPACK) 
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 Plot  Parameters 


Principal        Streamline        Panicle  Tracing       Max/Min       Deform   j    Animate  1 


Movie  settings 
File  type 


C 


± 


Width  {in  pixels):  640 


Height  (In  pixels):  460 


Frames  per  second:  10 

c 


Static  /  Eiqenfunction  animation 
Cycle  type. 

Number  of  frames:  11 


Solutions  to  use 

Select  via. 


M  Reverse  direction 

Q  Use  camera  settings  from  main  window 


Start  Animation 


(     Help     )     (    Apply    )     (  Cancel   )     f  j 

I  FIGURE  5.17  2D  axisymmetric  Cylinder_Conduction_1p  model  Plot  Parameters  window 


Click  the  Start  Animation  button.  See  Figure  5.18. 

Alternatively,  you  can  play  the  file  Movie5_CC_lp.avi  that  was  supplied  with  this 
book. 


First  Variation  on  the  2D  Axisymmetric  Cylinder  Conduction  Model 


note^  This  model  is  derived  from  the  COMSOL  cylinder  conduction  model.  This 
model,  however,  is  built  using  the  basic  COMSOL  Multiphysics  software  package, 
instead  of  the  Heat  Transfer  Module.  The  selected  thermally  conductive  solid  is,  as  in 
the  initial  model,  niobium  (Nb).  The  modeler  should  note,  as  mentioned  previously,  that 
for  static  and  quasi- static  calculations,  the  only  physical  property  value  required  for  the 
thermal  conduction  calculation  is  k  (k_Nb) ,  the  thermal  conductivity.  That  property  is 
the  only  one  that  will  be  used  in  this  model. 
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Min  273.15 

G»D  h  mm 

I  FIGURE  5.18  2D  axisymmetric  Cylinder_Conduction_1p  model  animation,  final  frame 

To  start  building  the  Cylinder_Conduction_2  model,  activate  the  COMSOL 
Multiphysics  software.  In  the  Model  Navigator,  select  "Axial  symmetry  (2D)"  from 
the  Space  dimension  pull-down  list.  Select  COMSOL  Multiphysics  >  Heat  Transfer  > 
Conduction  >  Steady-state  analysis.  See  Figure  5.19.  Click  OK. 

Constants 

Using  the  menu  bar,  select  Options  >  Constants.  In  the  Constants  edit  window,  enter 
the  information  shown  in  Table  5.5;  also  see  Figure  5.20.  Click  OK. 

note^  When  building  a  model,  it  is  usually  best  to  consolidate  the  calculational 
parameters  (e.g.,  constants,  scalar  expressions)  in  a  small  number  of  appropriate, 
convenient  locations  (e.g.,  a  Constants  file,  a  Scalar  Expressions  file)  so  that  they  are 
easy  to  find  and  modify  as  needed.  Because  the  settings  in  the  Constants  and  Scalar 
Expressions  edit  windows  can  be  imported  and  exported  as  text  files,  the  appropriate 
text  file  can  be  modified  in  a  text  editor  and  then  reimported  into  the  correct  Constants 
or  Scalar  Expressions  edit  window. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  Enter  a  width  of 
0.08  and  a  height  of  0.14.  Select  "Base:  Corner"  and  set  r  equal  to  0.02  and  z  equal  to 
0  in  the  Rectangle  edit  window.  See  Figure  5.21 . 
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Table  5.5     Constants  Edit  Window 


Name 

Expression 

Description 

k_Nb 

52.335[W/(m*K)] 

Thermal  conductivity  Nb 

T_0 

2.731 5e2[K] 

Boundary  temperature 

q_0 

5e5[W/mA2] 

Heat  flux 

f  New       Muilel  Li  bury       Usei  Mudels       Open       Seliinys  ' 


Space  dimension: 


Axial  symmetry  (2D) 


0  Application  Modes 
T  K  COMSOL  Multiphysics 
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J  Convection  and  Diffusion 
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J  Fluid  Dynamics 
£  Heat  Transfer 

►  jj  Convection  and  Conduction 
T  [j  Londuction 

Qj  Tiaiiiienl  <mdly*i> 

►  ft  5Liutlurdl  HeLluriks 

►  Deformed  Mesh 


fVpenrlfnt  variant**- 
Application  mode  name:  ht 
Element:  [  Lagrange -Quadra...  \£\ 


Description: 

Heat  transfer  through  conduction  with 
hear  flux,  convectlve.i 
hnunrlarv  rnnriitinn* 

Steady-state  analysis  in  2D  axial 


I  FIGURE  5.19  2D  axisymmetric  Cylinder_Conduction_2  Model  Navigator  setup 


Name 

Expression 

Value 

Description 

1 

k  Nb 

52.335|W/(m*K)l 

S2.33S[W/(m  K» 

Thermal  conductivity  Nb  m 

T.O 

2.731Se2[Kl 

273.15[K) 
5e5|W/m2] 

Boundary  temperature 

5e5|W/mA21 

Help    )    (   Apply   )    (  Cancel  )    (     OK  ) 

I  FIGURE  5.20  2D  axisymmetric  Cylinder_Conduction_2  model  Constants  edit  window 
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Width:  0.08 


Height:  0.14 


Base:      1  Corner 
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Style:     '  Solid 


I  FIGURE  5.21  2D  axisymmetric  Cylinder_Conduction_2  model  Rectangle  edit  window 


Click  OK,  and  then  click  the  Zoom  Extents  button.  See  Figure  5.22. 
Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Point.  In  the  Point  edit 
window,  enter  the  information  shown  in  Table  5.6.  See  Figure  5.23. 
Click  OK.  See  Figure  5.24. 

note'^  Two  points  have  been  added,  as  in  the  earlier  model,  on  the  interior  (small 
r  value)  boundary  of  the  rectangle  (cylinder  cross  section)  to  define  the  upper  (larger 
z  value)  and  lower  (smaller  z  value)  bounds  of  the  heat- flux  application  region. 
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I  Table  5.6     Point  Edit  Window 


Name 

r  Location 

z  Location 

Point  1 
Point  2 

0.02 
0.02 

0.04 
0.1 

MMIUHMK1 

I 

r:    0.02  0.02 

z:  1 0.04  0.1 

(  Cancel 

) 

Name:  PT1 

(  Apply 

) 

(  Help 

) 

I  FIGURE  5.23  2D  axisymmetric  Cylinder_Conduction_2  model  Point  edit  window 


7; 


-0.06  -O.04 


0JJ  ».I4  OK  Ml 


•Ml  0.0.1 


CUD  EQUAt  SNAP  [<HK.  MLJl  1 1  SOilO 

I  FIGURE  5.24  2D  axisymmetric  Cylinder_Conduction_2  model  rectangle  with  points 
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Table  5.7    Subdomain  Edit  Window 


Description 

k  (isotropic) 

k_Nb 

Thermal  conductivity 

Physics  Subdomain  Settings:  General  Heat  Transfer 

Having  established  the  geometry  for  the  2D  axisymmetric  Cylinder_Conduction_2 
model  (a  rectangle  with  two  points  on  the  boundary) ,  the  next  step  is  to  define  the  fun- 
damental Physics  conditions.  Using  the  menu  bar,  select  Physics  >  Subdomain  Settings. 
Select  subdomain  1  in  the  Subdomain  selection  window  (the  only  available  subdomain). 
In  the  Subdomain  edit  windows,  enter  the  information  shown  in  Table  5.7;  also  see 
Figure  5.25.  Click  OK. 


note^  For  static  and  quasi-static  calculations ,  the  only  physical  property  value  required 
for  the  calculation  is  k  (k_Nb). 


Physics  Boundary  Settings:  General  Heat  Transfer 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  For  the  indicated  bound- 
aries ,  select  or  enter  the  given  boundary  condition  and  value  as  shown  in  Table  5 .8 . 
Click  OK.  See  Figures  5.26,  5.27,  and  5.28. 


Equation 

-V  •  (kVD  =  Q,  T=  temperature 


Croup: 
□  Select  by  group 
M  Active  in  this  domain 


Init      Element      Loloi  I 


Thermal  properties  and  heat  sources/sinks 


Library  material 
Quantity 


Value/Expression  Unit  Description 

@  k  (isotropic)        k_Nb  "]  W/lm  K)  Thermal  conductivity 

O  k  (anisotropic)     400  0  0  400  W/(m  K>  Tnerma|  conductivity 

Q                  [o  W/m3     Heat  source 


(    Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  5.25  2D  axisymmetric  Cylinder_Conduction_2  Model  Subdomain  Settings  edit  window 
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Table  5.8     Boundary  Settings-General  Heat  Transfer  Edit  Window 


Boundary 

Boundary  Condition 

sion         Figure  Number 

1,  4 

Thermal  insulation 

5.26 

2,  5,  6 

Temperature 

T_0 

5.27 

3 

Heat  flux 

q_0 

5.28 

Mesh  Generation 

On  the  toolbar,  click  the  Initialize  Mesh  button  once.  Click  the  Refine  Mesh  button 
once.  This  results  in  a  mesh  of  approximately  2200  elements.  See  Figure  5.29. 

Solving  the  2D  Axisymmetric  Cylinder_Conduction_2  Model 

note**'  The  COMSOL  Multiphysics  software  automatically  selects  the  solver  best  suited 
for  the  particular  model  based  on  the  overall  evaluation  of  the  model.  The  modeler  can, 
of  course,  always  change  the  chosen  solver  and  the  parametric  settings.  This  time,  instead 
of  using  the  default  solver,  the  model  is  run  using  the  Parametric  Solver  (UMFPACK)  as 
the  initial  solver.  The  Parametric  Solver  (UMFPACK)  results  include  not  only  the  default 
solution ,  but  also  solutions  at  a  number  of  other  values  of  heat  flux  (q_0) . 


Equation 
n(kVT)  =  0 

[  Boundaries  ■   Groups  1_ 


Boundary  selection 


Croup: 

Select  by  group 
Q  Interior  boundaries 


Color  .'Style  L 


Boundary  sources  and  constraints 

Boundary  condition:  (  Thermal  insulation  \+\ 


Quantity 

"0 

h 

Tir.f 
Const 


Value/Expression 


Unit 

W/m2 


Description 

Inward  heat  flux 


W/(m   K)    Heat  transfer  coefficient 
External  temperature 

W/(m2  K4)  Problem-dependent  constant 
Ambient  temperature 

K 

Temperature 


(    Help    )    (   Apply  )    (  Cancel  ) 

I  FIGURE  5.26  2D  axisymmetric  Cylinder_Conduction_2  model  Boundary  Settings  (1,  4)  edit  window 
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itviTL 


Croup: 

Q  Select  by  group 
^  Interior  boundaries 


Boundary  sources  and  constraints 
Boundary  condition: 


Temperature 


h 

Tir,f 
Const 

T„ 


Value/Expression  Unit  Description 

w/m2         Inward  heat  flux 

W/(m2  K)    Heat  transfer  coefficient 

K 

External  temperature 
W/(m2  ■  K4>  problem-dependent  constant 
Ambient  temperature 

K 

Temperature 


(    Help    )    (   Apply   )    (  Cancel  )    (     OK  ) 


I  FIGURE  5.27  2D  axisymmetric  Cylinder_Conduction_2  model  Boundary  Settings  (2,  5,  6)  edit  window 

Using  the  menu  bar,  select  Solve  >  Solver  Parameters  >  Parametric.  Enter  q_0 
in  the  Parameter  name  edit  window.  Enter  0:5e3:5e5  in  the  Parameter  values  edit 
window.  See  Figure  5.30.  Click  OK. 

From  the  menu  bar,  select  Solve  >  Solve  Problem.  See  Figure  5.31. 


Boundary  Settings  -  Heat  Transfer  by  Conduction  (ht) 


Equation 

n  •  (kVT)  -  qfl  +  h(Tjnf  -  T)  +  Const(Tai 


Boundary  sources  and  constraints 
Boundary  condition:   I   Heat  flux 


h 

Tlr,f 
Const 


Unit  Description 

W/m2         Inward  heat  flux 
W/(m2  K)    Heat  transfer  coefficient 
External  temperature 

W/tm   K  ) 

Problem-dependent  constant 
Ambient  temperature 
Temperature 


(    Help    )    (  Apply  )    (  Cancel  ) 


I  FIGURE  5.28  2D  axisymmetric  Cylinder_Conduction_2  model  Boundary  Settings  (3)  edit  window 
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i!ifnimf.Tt«ti 


I  FIGURE  5.29  2D  axisymmetric  Cylinder_Conduction_2  model  mesh  window 


Solvei  Pdidtnelera 


Analytic 


tmvmtftt       Suiiurmy       AUjuiivc  Advdiiieii 


W  Auto  select  solver 
5ulv«i 


Parameter  name 


q_0 


Linear  system  solver 

Linear  system  solver:   '   Dirtt  (UMFPACK) 

Prteondttioner 


mesh  refinement 


D 


(     H«lp     )    (    Apply   )    (  C«Kd  ) 


I  FIGURE  5.30  2D  axisymmetric  Cylinder_Conduction_2  model  Solver  Parameters  edit  window 
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Q^HS  Tj   -toft  b  AAy  =*=»  =  S«)»^>*,i-  JibaonO^  T 

B 


v...  trtnor 


0  00?  DIM 


(i  1  0.12  OH  111 


I  FIGURE  5.31  2D  axisymmetric  Cylinder_Conduction_2  model  using  the  Parametric  Solver  (UMFPACK) 


Postprocessing  Animation 

Select  Postprocessing  >  Plot  Parameters  >  Animate.  Select  or  verify  that  all  of  the 
solutions  in  the  Solutions  to  use  window  are  selected.  See  Figure  5.32. 
Click  the  Start  Animation  button.  See  Figure  5.33. 

Alternatively,  you  can  play  the  file  Movie5_CC_2.avi  that  was  supplied  with  this 
book. 


Comparison  of  Cylinder  Conduction  Models  lp  and  2 

As  can  be  readily  seen  in  Table  5.9,  the  calculated  values  for  Cylinder  Conduction 
Models  lp  and  2  are  exactly  the  same  for  the  simple  conduction  calculation,  as  would 
be  expected.  The  advantage  of  using  the  Heat  Transfer  Module,  as  needed,  is  that  it 
can  accommodate  more  complex  physics.  See  Figures  5.34  and  5.35. 


Table  5.9     Comparison  of  T-max  for  Cylinder  Conduction  Models  1p  and  2 


1p 

Heat  Transfer  Module 

476.907  K 

5.34 

2 

Basic  Heat  Transfer 

476.907  K 

5.35 
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Principal 


Panicle  Tracing  Max/Mln 


Movie  settings 
File  type. 
Width  (In  pixels!. 
Height  (in  pixels): 


Frames  per  second:  10 

(    Advanced...  ^ 

Static  /  Eiqenfunction  animation 
Cycle  type: 


[J  Reverse  direction 

□  Use  camera  settings  from  main  window 


Solutions  to  use 

Select  via. 


Start  Animation 


(     Help     )     (    Apply    )     (  Cancel  >     (      OK  ) 

I  FIGURE  5.32  2D  axisymmetric  Cylinder_Conduction_2  model  Plot  Parameters  window 


Second  Variation  on  the  2D  Axisymmetric  Cylinder  Conduction  Model, 
Including  a  Vacuum  Cavity 


note^  This  model  is  derived  from  the  COMSOL  cylinder  conduction  model.  In  this 
model,  the  selected  thermally  conductive  solid  is  niobium  (Nb). 12,13  A  vacuum  cavity  has 
been  added  to  the  cylinder  geometry.  With  the  added  vacuum  cavity,  the  modeler  can 
explore  some  of  the  additional  heat  transfer  modeling  capabilities  of  the  Heat  Transfer 
Module.  Vacuum  isolation  is  a  valuable  tool  in  lowering  heat  loss  in  modern  machines. 


To  start  building  the  Cylinder_Conduction_3  model,  activate  the  COMSOL 
Multiphysics  software.  In  the  Model  Navigator,  select  "Axial  symmetry  (2D)"  from 
the  Space  dimension  pull-down  list.  Select  Heat  Transfer  Module  >  General  Heat 
Transfer  >  Steady-state  analysis.  See  Figure  5.36.  Click  OK. 
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\a  y 


q_0(101>-5e5 
Surface:  Temperature  [K] 


-HIM  -nn?     n     nm    n  ru    nns    n  ns     ni     ni;    n  14  nis 


Mi  n:  273.15 


(    my    )    (   Mop   )  If™ 


I  FIGURE  5.33  2D  axisymmetric  Cylinder_Conduction_2  model  animation,  final  frame 


I  FIGURE  5.34  2D  axisymmetric  Cylinder_Conduction_1p  model,  final  frame 
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I  FIGURE  5.35  2D  axisymmetric  Cylinder_Conduction_2  model,  final  frame 


I  FIGURE  5.36  2D  axisymmetric  Cylinder_Conduction_3  Model  Navigator  setup 
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Table  5.10    Constants  Edit  Window 


k_Nb 

52.335[W/(m*K)] 

Thermal  conductivity  Nb 

rho_Nb 

8.57e3[kg/mA3] 

Density  Nb 

Cp_Nb 

2.7e2[J/(kg*K)] 

Heat  capacity  Nb 

T„0 

2.731 5e2[K] 

Boundary  temperature 

q_0 

5e5[W/mA2] 

Heat  flux 

P„0 

1 .33e-7[Pa] 

Pressure  in  vacuum 

Constants 

Using  the  menu  bar,  select  Options  >  Constants.  In  the  Constants  edit  window,  enter 
the  information  shown  in  Table  5.10;  also  see  Figure  5.37.  Click  OK. 

note^  When  building  a  model,  it  is  usually  best  to  consolidate  the  calculational 
parameters  (e.g.,  constants,  scalar  expressions)  in  a  small  number  of  appropriate, 
convenient  locations  (e.g.,  a  Constants  file,  a  Scalar  Expressions  file)  so  that  they  are 
easy  to  find  and  modify  as  needed.  Because  the  settings  in  the  Constants  and  Scalar 
Expressions  edit  windows  can  be  imported  and  exported  as  text  files,  the  appropriate 
text  file  can  be  modified  in  a  text  editor  and  then  reimported  into  the  correct  Constants 
or  Scalar  Expressions  edit  window. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  Create  the  two 
rectangles  indicated  in  Table  5.11. 

I  Table  5.11    Rectangle  Edit  Window 


1  0.08         0.14         Corner      0.02     0  5.38 


2  0.002        0.139        Corner      0.06     0.0005  5.39 


Name  txpremon 

Value 

kNb 

rho_Nb 

52.335IW/(m'K)l 
8.57c3|kg/m*j| 

52.335IW/(m  K)l 

8570|kgvm*| 

?7nU/<kO'K>l 

273.1S|K| 

5tS|W/mJ| 

(1.33e-7)IPll 

THermal  conductivity  Nb 
OcnsitY  Nb 

rp_Nh 
T.0 

7  7r?U/(lcg'»| 
7.7315e2|IC] 

Hit.it  r.ip.iritv  Nh 
Boundary  temperature 

<L0 
P  0 

SeS|W/m»2| 

I  33e-7[Pal 

Heat  flux 

Pressure  in  vacuum 

I  FIGURE  5.37  2D  axisymmetric  Cylinder_Conduction_3  model  Constants  edit  window 
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I  FIGURE  5.38  2D  axisymmetric  Cylinder_Conduction_3  model  Rectangle  edit  window  (1 ) 


Click  OK,  and  then  click  the  Zoom  Extents  button.  See  Figure  5.40. 
Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Point.  In  the  Point  edit  win- 
dow, enter  the  information  shown  in  Table  5.12.  See  Figure  5.41. 
Click  OK.  See  Figure  5.42 


note^  Two  points  have  been  added  on  the  interior  (small  r  value)  boundary  of  the 
rectangle  (cylinder  cross  section)  to  define  the  upper  (larger  z  value)  and  lower  (smaller 
z  value)  bounds  of  the  heat- flux  application  region. 


Size 


Width:  0.002 


Height:  0.139 


Position 


Base:     [  Corner 


0.06 


0.0005 


Rotation  angle 


o:  0 


(degrees) 


Style:    f  Solid 


Name:  R2 


(    Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  5.39  2D  axisymmetric  Cylinder_Conduction_3  model  Rectangle  edit  window  (2) 
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I  FIGURE  5.40  2D  axisymmetric  Cylinder_Conduction_3  model  cylinder  rectangles  (1  and  2) 


Using  the  menu  bar,  select  Draw  >  Create  Composite  Object.  Enter  Rl  +  R2  in  the 
Set  formula  edit  window.  Verify  or  check  the  Keep  interior  boundaries  check  box.  See 
Figure  5 .43 . 

Click  OK.  See  Figure  5.44 

I  Table  5.12    Point  Edit  Window 


Name 

r  Location 

z  Location 

Point  1 
Point  2 

0.02 
0.02 

0.04 
0.1 

I  FIGURE  5.41  2D  axisymmetric  Cylinder_Conduction_3  model  Point  edit  window 
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I  FIGURE  5.42  2D  axisymmetric  Cylinder_Conduction_3  model  rectangles  with  points 


Physics  Subdomain  Settings:  General  Heat  Transfer 

Having  established  the  geometry  for  the  2D  axisymmetric  Cylinder_Conduction_3 
model  (a  rectangle  with  two  points  on  the  boundary),  the  next  step  is  to  define  the  fun- 
damental Physics  conditions.  Using  the  menu  bar,  select  Physics  >  Subdomain  Settings. 
Select  "subdomain  1"  in  the  Subdomain  selection  window.  In  the  Subdomain  edit 
windows,  enter  the  information  shown  in  Table  5.13.  See  Figure  5.45. 


Object  type 


Object  selection 


M  Keep  interior  boundaries 
-  □  R«pair 


Repair  tolerance:  l.OE-4 


I  FIGURE  5.43  2D  axisymmetric  Cylinder_Conduction_3  model  Create  Composite  Object  edit  window 
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Equation 
Vl-kVll-CJ 
T  -  remperarure 


M  Seleu  try  uruup 

M  Active  in  tnis  domain 


Convection      Ideal  Cu 


Thermal  properties  and  heat  sources/sinks 
Library  material:  [  (  Load...  ) 


Value/Expression 


©  k  (isotropic)  k.Nb 


O  k  lanisotropio    400  0  0  400 

t  rho  Nb 


Lp_Nb 


Opariry- 


W/(m  K)  TKermal  conductivity 
w/(m  K)  Thermal  conductivity 
kg/mJ  Density 

J/lkg  10  Mea,  capaclty  aI  constant  pressure 
W/m*      Heat  source 


C    Help    )    (  Apply  )    (  cancel  ) 


I  FIGURE  5.45  2D  axisymmetric  Cylinder_Conduction_3  model  Subdomain  Settings  (1)  edit  window 
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Table  5.13    Subdomain  Edit  Window 


Name 

Expression 

Description 

k  (isotropic) 
P 

CP 

k_Nb 

rhoJMb 

Cp_Nb 

Thermal  conductivity 

Density 

Heat  capacity 

Select  "subdomain  2"  in  the  Subdomain  selection  window.  Click  the  Library 
material  Load  button.  Select  Liquids  and  Gases  >  Gases  >  Air,  I  atm.  Click  OK. 

Enter  the  term  p_0  in  place  of  p  in  the  expression  rho(p. .  .in  the  Density  edit 
window.  Click  on  the  Opacity  pull-down  list.  Select  "Transparent."  See  Figure  5.46. 
Click  OK. 


note^  The  insertion  of  p_0  into  the  density  function  for  air  sets  the  pressure  in  the 
vacuum  cavity.  The  selection  of  "Transparent"  allows  energy  transfer  by  radiation. 


OOP 

Equation  - 
V(-kvT)-Q 


Subdomain  Settings  -  General  Heat  Transfer  (htgh) 


T  =  temperature 


f  Subdomains  Croups 

'  ■ 

Sub 


Croup: 


[  |  Select  by  group 

^  Active  in  this  domain 


Conduction      Convection      ideal  Gas 


Thermal  properties  and  heat  sources/sinks 


Library  material: 

Quantity 

©  k  (isotropic) 


Air,  1  atm        ;  I  ( 

Value/Expression 
kCT|l/K))tW/(m*KM 


O  k  (anisotropic)     400  0  0  400 
P 


Unit  Description 

W/(m  K)  Therma|  conductivity 

W/(m  K)  Therma|  conductivity 


rho(p_0|l/Pa),TIl/K|)    k9/m  Density 


Cprril/KDU/lkg'Kll 


Q 

Opacity 


J/(kg-K)  Hea(  capacjty  at  constant  pressure 
W/m3     Heat  source 


ID 


(    Help    )    (   Apply  )    (  Cancel  )    (     OK  ) 

I  FIGURE  5.46  2D  axisymmetric  Cylinder_Conduction_3  model  Subdomain  Settings  (2)  edit  window 
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Table  5.14    Boundary  Settings-General  Heat  Transfer  Edit  Window 


Boundary        Boundary  Condition        Value/Expression        Figure  Number 

1,  4 

Thermal  insulation 

5.47 

2,  5,10 

Temperature 

T_0 

5.48 

3 

Heat  flux 

q_0 

5.49 

note^  For  static  and  quasi-static  calculations,  the  only  physical  property  value 
required  for  the  conduction  calculation  is  k  (k_Nb).  However,  from  the  point  of  view  of 
physical  consistency,  the  density  (rho_Nb)  and  the  heat  capacity  (Cp_Nb)  should  be 
included.  If  Cp  and  rho  are  set  to  zero,  the  implication  is  that  of  a  perfect  vacuum,  which 
is  logically  inconsistent  with  the  stated  value  of  k.  Also,  by  including  the  values  for  Cp 
and  rho  in  this  location,  they  are  conveniently  available  should  the  modeler  wish  to 
modify  the  model  for  transient  analysis. 


Physics  Boundary  Settings:  General  Heat  Transfer 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  For  the  indicated  boundaries, 
select  or  enter  the  given  boundary  condition  and  value  as  shown  in  Table  5.14.  Click  OK. 
See  Figures  5.47, 5.48,  and  5.49. 


Boundary  Settings  -  Central  Heat  Transfer  (hlyri) 


Gfoup:   

Vim  hvym»|i 

Dll|liturb...tol 


1 


Highly  Tdndui  IWr  I  .iyn  } 


Library  coefficient 


3  C^O 


Boundary  condition    i   Thermal  Insulation  ^ 

Value /Expression  Unit 

W/m1       inward  heat  flux 
W/lm1  K)  HeaUiamfer  luefhiirnl 
*  External  temperature 

K  temperature 


0 

273.15 

MM 


Radiation  type: 


Member  of  group(i) 


Hone 


tpnlon_htcjh*stcjma_ri  W/m1 
1 


%ui  ■■-•<  r  rmiwKfity 
Ambient  temperature 
surface  tadionty  expression 


(    Help   )    (  Apply  )    (  lancet  )    f    BK  ) 

I  FIGURE  5.47  2D  axisymmetric  Cylinder_Conduction_3  model  Boundary  Settings  (1 ,  4)  edit  window 
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: 


P  $MM1  hy  grnnp 


f  Boundary  Condition <\  ■>>  I.  tonjucti.c  La>v 
Boundary  sources  and  constraints 
Library  coefficient:  1 
Kniindary  rnnrtitinn 


Element  Color/Style 


^     (  Load.. 
Temyei  alur  e |M 


Value  Expression 


Ifl 

h 


UdHOM  ryp*. 
t 

>0 


eDiilon.htgh-siorrw.ft 


Unit  Description 
*/m'       fnwMid  deal  flux 
W/I.V  K)  Hr-at  trancftr  rnrffinrnT 
External  temperature 

K 

Temperature 

e 

Surface  emisstvity 
Ambient  temperature 
Surface  radios liy  expression 


W/m* 


ot  group(sl 


f    Help    )    (   Apply  )    (  Cancel  ) 


I  FIGURE  5.48  2D  axisymmetric  Cylinder_Conduction_3  model  Boundary  Settings  (2,  5, 10)  edit  window 


-n(-WT>-q0th(TiBt--n 


Highly  Conductive  Layer       Element  Color/Style 


Boundary  sources  and  constraints 
Library  coefficient:  * 
Hniinrtaryrnnrfitinn 


^     f  Load...  ) 


Heat  flux 


3 


Value  Expression 


h 


Kamatinn  rvnf 


Member  ot  group(s) 


U  ° 


*/mI       Inward  he*l  flux 
W/(m'  K)  n,j,  rfanif«  rn»Hiri»nt 
External  temperature 
Temperature 


eDsilon.hrrjri-iioma.h  W/m* 
1 


Surface  emisstvity 
Ambient  temperature 
Surface  radlosliy  expression 


(    Help    )    (   Apply  )    (  Cancel  ) 


I  FIGURE  5.49  2D  axisymmetric  Cylinder_Conduction_3  model  Boundary  Settings  (3)  edit  window 
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I  FIGURE  5.50  2D  axisymmetric  Cylinder_Conduction_3  model  mesh 


Mesh  Generation 

From  the  menu  bar,  select  Mesh  >  Free  Mesh  Parameters  >  Subdomain  1.  Enter 
Maximum  element  size  0.002.  Select  Method  >  Quad.  Click  the  Remesh  button. 
Select  Free  Mesh  Parameters  >  Subdomain  2.  Enter  Maximum  element  size  0.0005. 
Select  Method  >  Quad.  Click  the  Remesh  button. 
Click  OK.  See  Figure  5.50. 


Solving  the  2D  Axisymmetric  Cylinder_Conduction_3  Model 

From  the  menu  bar,  select  Solve  >  Solver  Parameters  >  Parametric.  Enter  q_0  in  the 
Parameter  name  edit  window.  Enter  0:5e3:5e5  in  the  Parameter  values  edit  window. 
See  Figure  5.51.  Click  OK. 

From  the  menu  bar,  select  Solve  >  Solve  Problem.  See  Figure  5.52. 


Postprocessing  Animation 

Select  Postprocessing  >  Plot  Parameters  >  Animate.  Select  or  verify  that  all  of  the 
solutions  in  the  Solutions  to  use  window  are  selected.  See  Figure  5.53. 
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Analytic 

1  StJTionjfy 

M  AMtntKtMlm 

talma 

Suimiidi  y 

Tim*  dependent 

tigenvalue 

Stationary  segregated 

FeVSmlrh;  seyreydltrd 

Q  Adaptrvc  mesh  rcfin 

IBM 

« 

Parameter  name 
Parameter  values: 


q_0 


Linear  system  solver 

Linear  lyctfM  mImR   |  DtfcUUMFPACIO 

Preconditloner 


(  srolngs...  ) 


Matrix  symmetry: 


3 


(     Htlp    )    (    Apply   )    (  Cincd  ) 


I  FIGURE  5.51  2D  axisymmetric  Cylinder_Conduction_3  model  Solver  Parameters  edit  window 
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Plot  Parameters 


Principal 


Particle  Tracing 


Deform 


Movie  settings 
File  type: 
Width  (in  pixels): 
Height  (in  pixels,: 
Frames  per  second: 


1  AVI 


5T) 


Static  /  Eigenfunction  animation 
Cvcle  type: 


Full  harmonic 


Number  of  frames:  11 


Reverse  direction 
fj  Use  camera  settings  from  main  window 


Solutions  to  use 

Select  via. 


Start  Animation 


(    Help    )    (   Apply  )    (  Cancel  ) 


I  FIGURE  5.53  2D  axisymmetric  Cylinder_Conduction_3  model  Plot  Parameters  window 


Click  the  Start  Animation  button.  See  Figure  5.54. 

Alternatively,  you  can  play  the  file  Movie5_CC_3  .avi  that  was  supplied  with  this 
book. 

2D  Axisymmetric  Cylinder  Conduction  Models:  Summary  and  Conclusions 

The  models  presented  in  this  section  of  Chapter  5  have  introduced  the  following  new 
concepts:  two-dimensional  axisymmetric  modeling  (axial  symmetry  [2D]),  cylindrical 
coordinates,  conductive  media  DC,  Heat  Transfer  Module,  heat  conduction  theory, 
opaque  and  transparent  thermally  conductive  materials,  and  vacuum.  Previously  intro- 
duced concepts  employed  in  these  models  include  triangular  mesh,  free  mesh  param- 
eters, subdomain  mesh,  maximum  element  size,  and  quadrilateral  mesh  (quad). 
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I  FIGURE  5.54  2D  axisymmetric  Cylinder_Conduction_3  model  animation,  final  frame 


A  comparison  of  the  calculated  results  for  the  three  cylinder  conduction  models  is 
shown  in  Table  5.15.  As  can  be  readily  observed,  the  presence  of  a  vacuum  cavity  sig- 
nificantly reduces  the  rate  of  heat  flow  through  the  model  and  raises  the  equilibrium 
temperature  at  the  surface  receiving  the  heat  flux. 

For  simple  heat  transfer  models,  both  the  basic  COMSOL  Multiphysics  software 
and  the  Heat  Transfer  Module  yield  the  same  result,  as  would  be  expected.  For  more 
complex  models  involving  such  conditions  as  a  vacuum,  the  Heat  Transfer  Module  is 
required. 


Table  5.15    Cylinder  Conduction  Modeling  Results  Summary 


Mc 

1P 

2 

3 


Heat  Transfer  Module  No 
Basic  Heat  Transfer  No 
Heat  Transfer  Module  Yes 


476.907  K 
476.907  K 
572.051  K 


(°C)  A' 


203.76  °C 
203.76  °C 
298.90  °C 


0 

95.144 
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■  2D  Axisymmetric  Insulated  Container  Design 

Sir  James  Dewar14  invented  the  vacuum  flask  in  1892.  The  vacuum  flask  enabled  him 
to  store  low -temperature  liquified  gases  for  longer  periods  of  time.  Being  a  research 
scientist,  his  primary  concern  was  the  study  of  the  liquification  process  for  gases  and 
the  study  of  the  resulting  liquids. 

note^  Prior  to  the  mid- 1900s,  it  was  uncommon  for  research  scientists  to  patent  or 
commercialize  new  inventions,  regardless  of  their  potential  commercial  or  economic 
impact.  The  usual  process  was  to  disclose  new  findings  through  letter  publication  to  a 
learned  society.15 

The  term  "Thermos"16  came  into  existence  in  1904,  when  a  German  company  was 
formed  under  the  name  Thermos  GmbH  to  commercialize  the  vacuum  flask  technology. 
The  vacuum  flask  (invented  by  Dewar)  has  come  into  widespread  common  usage  by 
both  scientists  and  nonscientists  alike,  under  the  name  "thermos"  or  "thermos  bottle." 
As  such,  the  name  "thermos"  has,  through  common  usage,  become  the  generic  name, 
in  the  United  States  and  some  other  countries,  for  the  vacuum  flask  or  thermos  bottle. 
There  are,  of  course,  other  insulating  materials  in  use  that  are  not  quite  as  efficient  as 
the  vacuum  flask  but  nevertheless  adequate.  Thus  some  thermos  bottles  (vacuum  flask 
containers)  have  no  vacuum,  but  simply  a  low-thermal-conductivity  solid  (insulating 
material)  in  the  place  where  the  vacuum  would  normally  exist. 

2D  Axisymmetric  Thermos_Container  Model 


note^  This  model  is  derived  from  the  COMSOL  thermos  laminar  flow  and  thermos 
laminar  hcoeff  models.  Those  models  can  be  found  in  the  Tutorial  Models  folder  of  the 
Heat  Transfer  Module  Model  Library.  In  this  model,  Thermos_Container_l ,  the  walls  of 
the  flask  (e.g.,  bottle,  tank)  are  formed  of  stainless  steel.  In  the  2D  axisymmetric 
Thermos_Container_l  model,  the  selected  thermal  insulating  solid  is  rigid  urethane 
foam.17  In  the  first  variation  on  the  2D  axisymmetric  Thermos_Container  model,  a  vacuum 
cavity  replaces  the  urethane  foam.  In  the  second  variation  on  the  2D  axisymmetric 
Thermos_Container  model,  a  glass18  material  replaces  the  stainless  steel19  wall  material 
and  the  insulating  vacuum  cavity  remains.  These  changes  in  the  materials  design  of  these 
models  reflect  some  of  the  typical  alterations  and  trade-offs  that  need  to  be  made  in  the 
exploratory  design  phase  of  a  new  artifact  (e.g.,  product,  tool). 

To  start  building  the  Thermos_Container_l  model,  activate  the  COMSOL 
Multiphysics  software.  In  the  Model  Navigator,  select  "Axial  symmetry  (2D)"  from 
the  Space  dimension  pull-down  list.  Select  Heat  Transfer  Module  >  General  Heat 
Transfer  >  Steady-state  analysis.  See  Figure  5.55.  Click  OK. 
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■  Application  Modes 

►  [J  COMSOLMultiphysics 

►  Q  AC/DC  Module 

▼  ^  Heat  Transfer  Module 
▼  Q|  General  Heat  Transfer 

fj  Transient  analysis 

►  fj  Bioheat  Equation 

►  Q  Weakly  Compressible  Nayier-Stokes 

►  fj  k-E  Turbulence  Model 

►  fj  k-uj  Turbulence  Model 

►  L_J  Electro-Thermal  Interaction 

►  ^  Fluid-Thermal  Interaction  


Dependent  variables:  |TJ 
Application  mode  name:  htgh 
Element: 


(    Help    )    (  Cancel  ) 

I  FIGURE  5.55  2D  axisymmetric  Thermos_Container_1  Model  Navigator  setup 


Constants 

Using  the  menu  bar,  select  Options  >  Constants.  In  the  Constants  edit  window,  enter 
the  information  shown  in  Table  5.16;  also  see  Figure  5.56.  Click  OK. 

note^"  When  building  a  model,  it  is  usually  best  to  consolidate  the  calculational 
parameters  (e.g.,  constants,  scalar  expressions)  in  a  small  number  of  appropriate, 
convenient  locations  (e.g.,  a  Constants  file,  a  Scalar  Expressions  file)  so  that  they  are 
easy  to  find  and  modify  as  needed.  Because  the  settings  in  the  Constants  and  Scalar 
Expressions  edit  windows  can  be  imported  and  exported  as  text  files,  the  appropriate 
text  file  can  be  modified  in  a  text  editor  and  then  reimported  into  the  correct  Constants 
or  Scalar  Expressions  edit  window. 


note^  When  building  a  model,  it  is  usually  best  to  choose  names  for  modeler-defined 
parameters  (e.g.,  constants,  scalar  functions)  that  are  easily  recalled  and  associated  with 
the  function  that  they  provide  in  the  model  (e.g.,  k_foam,  rho_foam). 
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Table  5.16    Constants  Edit  Window 


k_foam 

9e-2[W/(m*K)] 

Thermal  conductivity  foam 

rho_foam 

6e2[kg/mA3] 

Density  foam 

Cp_foam 

1.4e3[J/(kg*K)] 

Heat  capacity  foam 

k_304ss 

1.62e1[W/(m*K)] 

Thermal  conductivity  304ss 

P)QnQit\/  THAqq 
UellblLy  OUM-scj 

Cp_304ss 

5.0e2[J/(kg*K)] 

Heat  capacity  304ss 

P_0 

1.0[atm] 

Air  pressure 

T„0 

2.731 5e2[K] 

Boundary  temperature 

T_L 

9.5e1[degC] 

Liquid  temperature 

L_wall 

0.35[m] 

Projected  height  of  tank  wall 

L_top 

0.15[m] 

Width  of  top 

Building  the  2D  Axisymmetric  Thermos  Container 

note^  The  actual  sequence  of  steps  required  in  the  building  of  the  2D  axisymmetric 
Thermos_Container_l  model  is  initially  somewhat  complex.  However,  once  the  model 
is  built,  the  modeler  can  use  the  export  and  import  functions  to  use  the  same  physical 
model  configuration  and  explore  the  influence  of  different  materials  and  materials 
properties  on  the  overall  design  behavior,  as  shown  in  the  first  and  second  variations  of 
the  2D  axisymmetric  thermos  container  model. 


Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  Create  each  of 
the  two  rectangles  indicated  in  Table  5.17. 


Name 

Expression 

Value 

Description 

k_foam 

9e-2[W/'(m'K)J 

0.09[W/(m  K)l 

Thermal  conductivity  foam  a 

rho_foam 

6e2[kg/mM) 

600|kg/m3] 

Density  foam 

Cp_foam 

1.4e3U/(kg*K)| 

1400U/<kg  Kl| 

Heat  capacity  foam 

k_304ss 

1.62el[W/(m«K)| 

16.2[W/(m  K)] 

Thermal  conductivity  304ss 

rho_304ss 

8e6|kg/mM| 

8e6|kg/m3) 

Density  304ss 

Cp_304ss 

5.0e2U/(kg*K)| 

500U/(kg  Kl) 

Heat  capacity  304ss 

p_o 

1.0|atm] 

1.01325e5|Pa| 

Air  pressure 

T_0 

2.7315e2[K| 

273.15|K) 

Boundary  temperature 

T_L 

9.5el(degC| 

368.15|K] 

Liquid  temperature 

L_wall 

0.35[m| 

0.35[m] 

Projedted  height  of  tank  wall 

L_top 

0.15[m] 

0.15[m] 

Width  of  top  » 

T 

( 

Help    )  C 

Apply   )    (  Cancel  )    (     OK  ^ 

I  FIGURE  5.56  2D  axisymmetric  Thermos_Container_1  model  Constants  edit  window 


Chapter  5    2D  Axisymmetric  Modeling 


Table  5.17    Rectangle  Edit  Window 


Object  Number 

Base 

z 

Rectangle  1 

0.25 

0.55 

Corner 

0 

0 

Rectangle  2 

0.15 

0.3 

Corner 

0 

0 

r  / 
■ 

Jl 

+  ' 

m 

r  , 

' « 
8 

a 

a 


I  FIGURE  5.57  2D  axisymmetric  Thermos_Container_1  model  rectangles  R1  and  R2 


Click  OK,  and  then  click  the  Zoom  Extents  button.  See  Figure  5.57. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Ellipse.  Create  the  ellipse 
indicated  in  Table  5.18.  Click  OK. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  Create  the  rec- 
tangle indicated  in  Table  5.19.  Click  OK. 

Select  Draw  >  Create  Composite  Object.  Enter  E1-R3  in  the  Set  formula  edit  win- 
dow. Verify  that  the  Keep  interior  boundaries  check  box  is  unchecked.  See  Figure  5.58. 
Click  OK. 


Table  5.18    Ellipse  Edit  Window 


Ellipse  1                     0.15                   0.05                   Center       0  0.3 
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Table  5.19    Rectangle  Edit  Window 


Object  Number 

Base  r 

z 

Rectangle 

0.2 

0.4 

Corner  -0.2 

0 

Select  Draw  >  Create  Composite  Object.  Enter  R2  +  C01  in  the  Set  formula 
edit  window.  Verify  that  the  Keep  interior  boundaries  check  box  is  unchecked.  See 
Figure  5.59. 

Click  OK.  See  Figure  5.60,  which  shows  the  profile  of  the  outer  tank. 

Create  the  inner  structure  of  the  insulated  tank  by  following  the  steps  in  Table  5.20. 
Select  the  appropriate  action  from  the  menu  bar  using  the  Draw  pull-down  menu. 
See  Figure  5.61. 


Q  k>*p  interim  hnunri.irin 

□> 

Repair  tolerance 


I  FIGURE  5.58  2D  axisymmetric  Thermos_Container_1  model  half-ellipse  creation 


P)                      Cream  Cuinpuiile  ObjeU 

ohj«ti»n» 

Shnrreiilc 

f      OK  ^ 

©  SoIKh 

(      Union  ) 

Q  Curve', 

O  Polnti 

(  Intersection  ) 

(  Cancel  ) 

(   *P»rr  ) 

'     Select  All  N 

(  ) 

Object  s. 


Set  formula 


'  1  Kwp  interior  bOURdMlH 

□  « 


Repair  tolerance        14JE  4 


I  FIGURE  5.59  2D  axisymmetric  Thermos_Container_1  model  outer  tank  profile  creation 
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I  FIGURE  5.60  2D  axisymmetric  Thermos_Container_1  model  outer  tank  profile 
Table  5.20    Tank  Structure  Creation  Steps 


1 

Rectangle 

0.15-0.005 

0.3-0.005 

Corner 

0 

0.005 

2 

Ellipse 

0.15-0.005 

0.05-0.005 

Center 

0 

0.3 

3 

Rectangle 

0.2 

0.4 

Corner 

-0.2 

0 

4 

Create  Composite 

Object 

Formula  = 

E1-R3 

No  Interior 

Boundaries 

5 

Create  Composite 

Object 

Formula  = 

R2+C01 

No  Interior 

Boundaries 

6 

Rectangle 

0.15-0.025 

0.3-0.025 

Corner 

0 

0.025 

7 

Ellipse 

0.15-0.025 

0.05-0.025 

Center 

0 

0.3 

8 

Rectangle 

0.2 

0.4 

Corner 

-0.2 

0 

9 

Create  Composite 

Object 

Formula  = 

E1-R3 

No  Interior 

Boundaries 

0 

Create  Composite 

Object 

Formula  = 

R2+C01 

No  Interior 

Boundaries 

1 

Rectangle 

0.15-0.03 

0.3-0.03 

Corner 

0 

0.03 

2 

Ellipse 

0.15-0.03 

0.05-0.03 

Center 

0 

0.3 

3 

Rectangle 

0.2 

0.4 

Corner 

-0.2 

0 

4 

Create  Composite 

Object 

Formula  = 

E1-R3 

No  Interior 

Boundaries 

5 

Create  Composite 

Object 

Formula  = 

R2+C01 

No  Interior 

Boundaries 

6 

Rectangle 

0.15-0.03 

0.29-0.03 

Corner 

0 

0.03 
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I  FIGURE  5.61  2D  axisymmetric  Thermos_Container_1  model  tank  components 


The  tank  lid  structure  is  defined  by  adding  a  line  that  separates  the  lid  and  the 
body  of  the  tank.  Select  Draw  >  Specify  Objects  >  Line.  Enter  0.15—0.03  space 
0.15  in  the  r  edit  window.  Enter  0.3  space  0.3  in  the  z  edit  window.  See  Figures 
5.62  and  5.63. 

The  next  step  is  to  combine  the  components  into  the  final  tank  structure.  Select  Draw 
>  Create  Composite  Object.  Enter  R1+C02+C03+C04+C05+R2.  Important:  This 
time,  verify  that  the  Keep  interior  boundaries  check  box  is  checked.  See  Figure  5.64. 


Coordinates 


0.15-0.03  0.15 


0.3  0.3 


Style:    {  Polyline 


Name:  Bl 


(  Cancel  ) 
"^J      (    Apply  ) 

(     H"P  ) 


I  FIGURE  5.62  2D  axisymmetric  Thermos_Container_1  model  Line  edit  window 


272  Chapter  5    2D  Axisymmetric  Modeling 


I  FIGURE  5.63  2D  axisymmetric  Thermos_Container_1  model  tank  components  with  lid  line 


Click  OK.  See  Figure  5.65. 

Now,  to  save  time  and  effort  on  the  next  model,  save  the  present  insulated  tank  con- 
figuration. Select  File  >  Export  >  Geometry  Objects  to  File.  Enter  TC_l_Geometry  in 
the  Save  As  edit  window.  Select  DXF  file  (*.dxf)  from  the  File  Format  pull-down  list. 
See  Figure  5.66.  Click  Save. 


Object  type 
W  Solid: 
O  Curves 
O  Points 


Object  selection: 


Shortcuts 
(  Unii 


c 


3 


(     Select  All  > 


(  Cancel  ) 
(    Apply  ) 


Set  formula: 


Rl 

C02  ! 
C03 

COl  I 
COS 

H2  U 


R1+C02 


+C03+C01+COS+R2 


] 


M  Keep  interior  boundaries 
-  □  Repair 


Repair  tolerance:  1.0E-4 


I  FIGURE  5.64  2D  axisymmetric  Thermos_Container_1  model  Create  Composite  Object  edit  window 
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I  FIGURE  5.65  2D  axisymmetric  Thermos_Container_1  model  tank 


i_j  7_Models 


CC2  .Constants 

Cvlmder.Condunion_l.mDh 

Cylinder.Conduction.lp.mph 

Cylinder.Conduc_on_2.mph 

Cylinder_Cond  uctk>n_3 .  mp  h 

TC.l_Geom.djif 

TC_l.Ceometrv.dKt 

TC_Build_l.mph 

TC_Constants_l.txt 

TC.Geom.l.mph 

Thermos  Container  l.mph 


uate  Modiried   

Monday.  December  15,  20GB  4  SS  PM 
Monday.  December  1$.  2008  5  22  PM 
Sunday.  December  14.  2008  8  09  AM 
Monday.  December  15,  2008  9  28  AM 
Tuesday.  December  16.  200B  7  12  AM 
Wednesday.  December  17.  2008  2  20  PM 
Saturday,  December  27,  2008  3  12  PM 
Thursday,  January  1.  2009  6  38  AM 
Tuesday.  December  30.  2008  5  43  PM 
Wednesday.  December  31.  2008  1  56  PM 
Saturday,  December  27,  2008  3  11  PM 
Wednesday.  December  31.  2008  4  53  PM 


File  Format:     DXF  file  C.dxf) 


(  New  Folder"^ 


C  Cancel  ) 


I  FIGURE  5.66  2D  axisymmetric  Thermos_Container_1  model  tank  Export  Geometry  Objects,  Save  As  window 
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Table  5.21    Subdomain  Edit  Window  (1. 3, 6, 8) 


Subdomain 

Operation 

Name 

Expression 

Description 

1,  3,  6,  8 

Enter 

k 

k_304ss 

Thermal  conductivity 

1,  3,  6,  8 

Enter 

P 

rho_304ss 

Density 

1 ,  3,  6,  8 

Enter 

CP 

Cp_304ss 

Heat  capacity 

Table  5.22    Subdomain  Edit  Window  (2, 7) 


Subdoma 

in  Operation 

Expression 

Description 

2,  7 

Enter 

k 

k_foam 

Thermal  conductivity 

2,  7 

Enter 

P 

rho_foam 

Density 

2,  7 

Enter 

CP 

Cp_foam 

Heat  capacity 

Table  5.23    Subdomain  Edit  Window  (5, 9) 


5,  9  Load  Basic  Materials  Properties  >  Air,  1  atm 


Table  5.24    Subdomain  Edit  Window  (4) 


4  Load  Basic  Materials  Properties  >  Water,  liquid 


Physics  Subdomain  Settings:  General  Heat  Transfer 

Having  established  the  geometry  for  the  2D  axisymmetric  Thermos_Container_l  model, 
the  next  step  is  to  define  the  fundamental  Physics  conditions.  In  the  Subdomain  edit 
windows,  load  or  enter  the  information  shown  in  Tables  5.21  through  5.24.  See  also 
corresponding  Figures  5.67  through  5.70. 

Enter  p_0  in  place  of  p  in  the  density  expression  to  yield  rho(p_0[l/Pa],T[l/K]) 
[kg/mA3]  in  the  Density  edit  window. 
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V(-kVT)-Q 
T  -  temperature 


I  Subdomain*  Croups 
Subdomain  selection 


Croup 


_'  Select  by  group 

M  Actrv«  in  thii  domain 


Convection       Weill,.,,  Init 


Coloi  U 


Thermal  properties  and  heat  sources/jinks 

Library  material:  [  t*f^    (  load...  ) 


Value/Expression 


Unit  Description 


©  k  (isotropic)  k_s04« 
Q  k  (anisotropic)     400  0  0  41 
rho  ,U4S' 


Thermal  r  nnrlurtiviry 
'  Thermal  conductivity 


% 

o 

Opacity 


Cp_i04ss 


kg/™1  otnsity 

J/(kg  K)  H<at  capJcity  Jt  contu„t  pnicun 
w/"1    Hag  Morel 


(    Help    )   (  Apply  )   (  Cinctl  ) 


I  FIGURE  5.67  2D  axisymmetric  Thermos_Container_1  model  Subdomain  Settings  (1,  3,  6,  8)  edit  window 


V-(-kVT)  •  Q 
T  "  temperature 


Croups 


Subdomain  selection 

1 

3 

4 

s 

6 

s 

• 

Croup. 

f  |  Select  by  group 

M  Active  in  thil  domain 

Convection       Ideal  Cas 


Init  Clement 


Thermal  properties  and  heat  sources/sinks 


Library  material 


f 


Quantity  Value/Expression 

Q  k  liSOtropiC)  *_fnam 


rho  foam 


O  k  (anisotropic)     400  0  0  400 
P 

Cr. 

a 

Opacity 


Unit  Description 
W<m  Kl  Thermal  rnnrlurrtvity 
W(m  K)  Thermal  conductivity 
«g'rnJ  ojps^ 


Cp_(oam 


J/(kg  K> 


Heat  capacity  at  constant  pressure 


Upaoue 


(    Help    )    (   Apply  )    (  Cinctl  ) 


I  FIGURE  5.68  2D  axisymmetric  Thermos_Container_1  model  Subdomain  Settings  (2,  7)  edit  window 
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VI-kVD-Q 
T  -  temperature 


Croup   i_ 

□  Stl«ct  by  group 

M  Aetiv.  in  this  domain 


Convection       Ideal  Cas 


Thermal  properties  and  heat  sources/sinks 

library  material   1  Ait,  1  aw  (  Load  . 

Quantity  Value  Expression 

@  k  lisotropicl 


Unit 

W/(m  K) 


(J  k  (anisotropic) 
P 

o 

Opacity 


kall/KIHW/tm'Kll       »»""«  Thermal  rnnrlurtivity 

W'<m  10  Thermal  condi 
rholp  ull/PaMll/KI)   «9/">  utnsity 


Cpa|l;K|)U/(kg'IO|     J"k»  10  Heat  capacity  at  constant  pressure 
wrmJ  u_  


(    Help   )    (  Apply  )    (  Cancel  )    (    OK  i 

I  FIGURE  5.69  2D  axisymmetric  Thermos_Container_1  model  Subdomain  Settings  (5,  9)  edit  window 


Equation 
V(-kvT)  -  Q 
T  -  temperature 


Croups 


Select  by  group 
M  Active  in  this  domain 


Convection       Ideal  Cas 


Thermal  properties  and  heat  sources/sinks 

Library  material      Water,  liquid  i-frj    (  Load,-,  ) 

Quantity  Value/Expression  Unit 

@  k  lisotropicl 


W/lm  K) 


Thermal  rnnriiirrrviry 


k(T(1'K|l|V«7(mM01 

O  k  (anisotropic)     400  0  0  400  W'(m  ">  Thermal  conductivity 

p  rhcHlll/Klllko/mAJI  kg/m!  M„im 

Cn  Cp(T|l/K|)U;(kg-IO|  J"k»  10  H.at  capacity  at  constant  pr.ssur. 

O  fjj—  w/m> 


Neat  suurie 


Opacity 


(    Help    )    (   Apply  )    (  Cancel  > 


I  FIGURE  5.70  2D  axisymmetric  Thermos_Container_1  model  Subdomain  Settings  (4)  edit  window 
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Table  5.25    Boundary  Settings-General  Heat  Transfer  Edit  Window 


Boundary 

Boundary  Condition 

Value/Expres 

sion        Figure  Number 

2 

Thermal  insulation 

5.71 

8,  14,  21 

Temperature 

T_L 

5.72 

note^  In  this  model,  because  of  the  high  thermal  conductivity  of  water,  the 
temperature  of  the  liquid  is  very  close  to  uniform  throughout.  Thus  uniformity  can  be 
assumed  and  subdomain  4  can  be  made  inactive.  The  temperature  of  the  liquid  is 
incorporated  into  the  boundary  conditions .  Also,  because  this  model  will  calculate  only 
the  heat  transfer,  and  not  the  detailed  convection  flow  in  the  surrounding  air,  subdomain 
9  can  be  made  inactive.  Convection  losses  are  incorporated  into  the  heat  transfer 
coefficient  boundary  conditions.  Incorporating  both  of  these  assumptions  into  the 
model  significantly  simplifies  the  model  calculations. 

Select  subdomain  4.  Uncheck  the  Active  in  this  domain  check  box. 

Select  subdomain  9.  Uncheck  the  Active  in  this  domain  check  box.  Click  OK. 

Physics  Boundary  Settings:  General  Heat  Transfer 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  For  the  indicated  bound- 
aries, select  or  enter  the  given  boundary  condition  and  value  as  shown  in  Table  5.25. 
Click  OK.  See  Figures  5.71  and  5.72. 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  For  the  indicated  bound- 
aries, select  the  boundary  condition. 

Load  the  Library  coefficient  using  the  path  Heat  Transfer  Coefficients  >  Air,  Ext. 
Natural  Convection  as  shown  in  Table  5.26. 

Enter  L_wall  in  the  Heat  transfer  coefficient  (h)  expression  in  place  of  the  L_htgh 
term  for  boundary  28: 

h_ave(T[l/K]  ,Tinf_htgh[l/K]  ,L_wall[l/m])[W/(mA2*K)] 

Enter  T_0  in  the  External  temperature  (Tinf)  edit  window  for  boundary  28 .  See 
Figure  5 .73 . 


Table  5.26    Boundary  Settings-General  Heat  Transfer  Edit  Window 


Boundary 

Boundary  Condition 

Library  Coefficient 

Figure  Number 

28 

Heat  flux 

Nat.  Vertical  wall,  L=  height 

5.73 

34 

Heat  flux 

Nat.  Horiz.  plane,  Upside,  L=width 

5.74 
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Equation 

n  (  WT)-0 


I  Boundaries  Croups 


f  Boundary  condition      Hlqhtv  Conductive  Layer clement color/style  1 
y  tnurrec  and  rnnstrainrc 


Lllll. 


r 


3  (  u»d-  ) 


Boundary  condition:   I  Tnornul  m.ulation  k»{ 

Value/Expression  Unit  Description 

W/mJ       Inward  heat  fluK 
W7(m2  K)  H(at  trjnsf,,  coefficient 

K  ExurrnaJ  vtKtperecuie 

K 


o 

273.13 
273.13 


None 


In 

Memher  nl  gmupIO 


epnlon  high"tigma_h  W/m 
1 


Surface  emisstvlry 

Ambient  temperature 
Surface  radioilty  expreiiion 


I  FIGURE  5.71  2D  axisymmetric  Thermos_Container_1  model  Boundary  Settings  (2)  edit  window 


Equa 


MWhry  Conductive  Layer      Element      Color  /Style  l 


f 


tnuf  rp*  anil  rnnttrainT* 


Libi aty  tocffkicfit.  P 


3  C^D 


Boundary  condition     |  TwBp-fatUft 

Value/ Expression 


Radiation  type 


k 

Mtmbtf  nt  grnupK. 


Unit  Description 

W/mJ       Inward  heat  Hum 
W/(m2  K)  Hejt  transfer  coefficient 

K  txtcuul  tcmpeidluic 

K  Temperature 


tp(ilon_htgh*(igma_h  W/m 
1 


Surface  emisstvitv 
Ambient  temperature 
Surface  radios ity  expression 


I  FIGURE  5.72  2D  axisymmetric  Thermos_Container_1  model  Boundary  Settings  (8, 14,  21)  edit  window 
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Equation 

-n(-kVT)  ■  i|fl  *  hfTmf-T) 


Croup: 
□  Select  by  group 
^'  Interior  boundaries 


Highly  Conductive  Layer      Element      Color /Style  1 


Boundary  sources  and  constraints 


Library  coefficient:  '  rut.  Vertical  vail,  L-hetghT 
Boundary  condition.    -  Healf|ux  .  | 


3 


Quantity 

In 
h 

Tlnt 
'o 


Value/Expression 


Unit 

W/m2 


Description 


0  WW        Inward  halt  flux 

h_au<<TM/K].TInf_ht!    W/(m2K)  Hear  Transfer  rnefflrienr 
K 
K 


273.15 

273.15 


External  temperature 
Temperature 


type 


T»n* 
k 

Member  of  group(s): 


Surface  emissivity 
Ambient  temperature 


epsllonjitgh'sigma,!!    W/m2      Surface  radiosity  expression 

-  1 


f  Apply 


5  C 


Cancel  ) 


OK 


I  FIGURE  5.73  2D  axisymmetric  Thermos_Container_1  model  Boundary  Settings  (28)  edit  window 


Enter  L_top  in  the  Heat  transfer  coefficient  (h)  expression  in  place  of  the  L_htgh 
term  for  boundary  34: 

h_ave(T[l/K],Tinf_htgh[l/K]J._top[l/m])[W/(mA2*K)] 

Enter  T_0  in  the  External  temperature  (Tinf)  edit  window  for  boundary  34.  See 
Figure  5.74. 
Click  OK. 

Mesh  Generation 

From  the  menu  bar,  select  Mesh  >  Free  Mesh  Parameters  >  Subdomain  1 , 2,  3, 6, 7,  8. 
Enter  Maximum  element  size  0.002.  Select  Method  >  Quad.  Click  the  Remesh  button. 
See  Figure  5 .75 . 

Click  OK.  See  Figure  5.76. 

Solving  the  2D  Axisymmetric  Thermos_Container_l  Model 

From  the  menu  bar,  select  Solve  >  Solver  Parameters  >  Parametric.  Enter  T_L  in  the 
Parameter  name  edit  window.  Enter  273.15:9.5:368.15  in  the  Parameter  values  edit 
window.  See  Figure  5.77.  Click  OK. 
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Equation 

-n  (-kVT)  -  qQ  +  h(Ti(l(-T) 


Croups 


Boundary  selection 


Croup:   j 

~ '  belect  by  group 
Q  Interior  boundaries 


Highly  Conductive  Layer       Eiement       Color /Style  I 


Rn.inH.-iry  SOUKM  .inri  COflWhlH 


Library  coefficient:  '  Nt  Horn,  plan*.  Upsic*.  L- width  ^  (  load...  ) 
Boundary  condition 


Quantity 

*»0 


Radiation  type 


Heat  flux  t\ 

Valu»/F*pr*«infl  Unit  Dwcffptfon 

[o  W/m2  Inward  heat  flux 

h_av«rni/K],Tinf_ht,    W/(m2  K)  Heat  transfer  coefficient 

—  K 


T.O 


273  15 


External  temperature 
Temperature 


Surfare  emksiviry 
Amhienr  temper .mire 


fPiilonJitoh'sioma.h  Surface  radiosity  expression 


Member  of  group(s) 


(     Help     )     (    Apply    )  ( 


I  FIGURE  5.74  2D  axisymmetric  Thermos_Container_1  model  Boundary  Settings  (34)  edit  window 


Global 


Boundary      Point  Advanced 


Subdomain  selection 


Subdomain  mesh  parameters 
Maximum  element  size 
Element  growth  rate: 
Method: 


(  Cancel  ) 
(     Help  ) 


(  Reset  lo  Defaults  )    (        Remesh        )    ''     Mesh  Selected  ) 

I  FIGURE  5.75  2D  axisymmetric  Thermos_Container_1  model  Free  Mesh  Parameters  edit  window 
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f*..dCOWWI  Mil  ».<h..-».  [»»!>(• 


I  FIGURE  5.76  2D  axisymmetric  Thermos_Container_1  model  mesh 


Stationary  s 
Pal  amen  ii  ieyieyaled 


^2  Adaptive  mesh  refinement 


Linear  system  solver        Direct  tUMFPACK) 

Preconditions 


(     H«lp    )    (    Apply   )    (  Cancel  ) 


I  FIGURE  5.77  2D  axisymmetric  Thermos_Container_1  model  Solver  Parameters  edit  window 
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I  FIGURE  5.78  2D  axisymmetric  Thermos_Container_1  model  using  the  Parametric  Solver  (UMFPACK) 


From  the  menu  bar,  select  Solve  >  Solve  Problem.  See  Figure  5.78. 


Postprocessing 

Select  Postprocessing  >  Plot  Parameters  >  Surface.  Select  "°C  [degC]"  in  the  Unit 
pull-down  list.  See  Figure  5.79. 
Click  OK.  See  Figure  5.80. 

Given  that  our  main  interest  in  creating  the  2D  axisymmetric  Thermos_Container_l 
model  is  to  examine  the  heat  transfer,  the  next  step  is  to  determine  the  heat  loss.  Select 
Postprocessing  >  Boundary  Integration.  Select  boundaries  28  and  34  (the  wall  and  top 
of  the  tank,  respectively).  Select  "Normal  total  heat  flux"  in  the  Predefined  quantities 
pull-down  list.  Check  the  Compute  surface  integral  (for  axisymmetric  modes)  check  box. 
See  Figure  5.81. 

Click  OK.  The  result  of  the  Boundary  Integration  (~82  W)  is  displayed  as  Value 
of  surface  integral:  xx.xxxxx  [W],  Expression:  ntflux_htgh,  Boundaries:  28,  34  in  the 
display  window  at  the  bottom  of  the  COMSOL  user  interface.  See  Figure  5.82. 
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Predefined  qujnMiei.      T«mp«ntur«  f  Kinge...  ) 
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I  FIGURE  5.79  2D  axisymmetric  Thermos_Container_1  model  Plot  Parameters  window 
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I  FIGURE  5.80  2D  axisymmetric  Thermos_Container_1  model  surface  temperature  (°C) 


284 


Chapter  5    2D  Axisymmetric  Modeling 


Bounda 

Expression  to  integrate 

Predefined  quantities:   1   Normal  total  heat  flux 
Expression: 
Unit  of  integral: 


ntflux_htgh 


M  Compute  surface  integral  {for  axisymmetric  modes) 


Solution  to  use 
Parameter  value: 

Time: 

Solution  at  angle  (phase): 


'  368.15 


degrees 


Frame 


:  C 


Integration  order:    M  Auto  [T" 


(    Help    )     (   Apply   )     (  Cancel  )     (     OK  ) 


I  FIGURE  5.81  2D  axisymmetric  Thermos_Container_1  model  Boundary  Integration  edit  window 


I  FIGURE  5.82  2D  axisymmetric  Thermos_Container_1  model  user  interface  display  window 
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Wot  Parameters 


|  a]      Principal       Streamline        Particle  Tracing       Max/Min       Deform   |   Animate  [ 


Movie  setting! 

File  type 

WVdlh  lin  pi«el» 

Height  tin  pixelsl- 
Frames  per  second 


I  AVI 


-3 


Advanced 


Static  /  Ogenfunclion  animation 
Cycle  type:  '  Fullharnw 


Nuhiuci  ul  frame*.  11 


Q  NFvert*  rlirertinn 
□  Use  cam 


Solutions  to  use 


(    Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  5.83  2D  axisymmetric  Thermos_Container_1  model  Plot  Parameters  window 


Postprocessing  Animation 

Select  Postprocessing  >  Plot  Parameters  >  Animate.  Select  or  verify  that  all  of  the 
solutions  in  the  Solutions  to  use  window  are  selected.  See  Figure  5.83. 
Click  the  Start  Animation  button.  See  Figure  5.84. 

Alternatively,  you  can  play  the  file  Movie5_TC_l  .avi  that  was  supplied  with  this 
book. 


First  Variation  on  the  2D  Axisymmetric  Thermos_Container  Model 


note^  In  this  model,  Thermos_Container_2,  the  walls  of  the  flask  (e.g.,  bottle,  tank) 
are  formed  of  stainless  steel.  In  the  2D  axisymmetric  Thermos_Container_l  model,  the 
selected  thermal  insulating  solid  was  rigid  urethane  foam.  In  this  model,  the  first 
variation  on  the  2D  axisymmetric  Thermos_Container  model,  a  vacuum  cavity  replaces 
the  urethane  foam. 
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I  FIGURE  5.84  2D  axisymmetric  Thermos_Container_1  model  animation,  final  frame 


To  start  building  the  Thermos_Container_2  model,  activate  the  COMSOL 
Multiphysics  software.  In  the  Model  Navigator,  select  "Axial  symmetry  (2D)"  from 
the  Space  dimension  pull-down  list.  Select  Heat  Transfer  Module  >  General  Heat 
Transfer  >  Steady-state  analysis.  See  Figure  5.85.  Click  OK. 

Constants 

Using  the  menu  bar,  select  Options  >  Constants.  In  the  Constants  edit  window,  enter 
the  information  shown  in  Table  5.27;  also  see  Figure  5.86.  Click  OK. 


note^  When  building  a  model,  it  is  usually  best  to  consolidate  the  calculational 
parameters  (e.g.,  constants,  scalar  expressions)  in  a  small  number  of  appropriate, 
convenient  locations  (e.g.,  a  Constants  file,  a  Scalar  Expressions  file)  so  that  they  are 
easy  to  find  and  modify  as  needed.  Because  the  settings  in  the  Constants  and  Scalar 
Expressions  edit  windows  can  be  imported  and  exported  as  text  files,  the  appropriate 
text  file  can  be  modified  in  a  text  editor  and  then  reimported  into  the  correct  Constants 
or  Scalar  Expressions  edit  window. 
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Space  dimension: 


Application  Modes 

►  Q  COMSOL  Multiphysics 

►  M  AC/DC  Module 
▼  |B  Heat  Transfer  Module 

▼  Qj  General  Heat  Transfer 

nUM.MWJ-l.UMM 

Q|  Transient  analysis 

►  Q]  Bioheat  Equation 

►  Qj  Weakly  Compressible  Navier-Stokes 

►  Qj  k-E  Turbulence  Model 

►  Qj  k-tu  Turbulence  Model 

►  [_J  Electro-Thermal  Interaction 

►  Cj  Fluid-Thermal  Interaction 


Dependent  variables: 


Application  mode  name:  htgh 

Element:  '   Lagrange  -  T2  J, 


Steady-state  analysis  in  2D  axial 
symmetry. 


Multiphysics 


(    Help    )     (  Cancel  )    (     OK  ) 


I  FIGURE  5.85  2D  axisymmetric  Thermos_Containei_2  Model  Navigator  setup 


note^  When  building  a  model,  it  is  usually  best  to  choose  a  name  for  modeler- 
defined  parameters  (e.g.,  constants,  scalar  functions)  that  are  easily  recalled  and 
associated  with  the  function  that  they  provide  in  the  model  (e.g.,  p_vac,  L_wall). 


Name 

Expression 

Value 

Description 

k_304ss 

1.62el|W/(m"K)l 

16.2|W/(m  K)] 

Thermal  conductivity  304ss 

rho_304ss 

Se6|kg/mA3| 

8e6[kg/m3) 

Density  304ss 

Cp_304ss 

5.0e2[j/<kg*K>] 

500[|/(kg<K» 

Heat  capacity  304ss 

P.O 

l.Olatml 

1.01325e5[Pa] 

Air  pressure 

p_vac 

1.33e-7[Pa] 

(1.33e-7)IPa| 

Pressure  in  Vacuum 

T_0 

2.7315e2[K| 

273.15[K) 

Boundary  temperature 

T_L 

9.5el|degCl 

368.15(K] 

Liquid  temperature 

L_wall 

0.35[m| 

0.35|m| 

Projected  height  of  tank  wall 

L_top 

0.1S[m] 

0.15[m] 

Width  of  top 

(    Help    )     (    Apply   )     (  Cancel  ) 


I  FIGURE  5.86  2D  axisymmetric  Thermos_Container_2  model  Constants  edit  window 
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Table  5.27    Constants  Edit  Window 


Description 

k_304ss 

1.62e1[W/(m*K)] 

Thermal  conductivity  304ss 

rho_304ss 

8e6[kg/mA3] 

Density  304ss 

R  0e?[  l/(kn*K)l 

Wpat  ranaritv  ^Oid^c: 

p_0 

1 .0[atm] 

Air  pressure 

p_vac 

1 .33e-7[Pa] 

Pressure  in  vacuum 

T_0 

2.731 5e2[K] 

Boundary  temperature 

T_L 

9.5e1[degC] 

Liquid  temperature 

L_wall 

0.35[m] 

Projected  height  of  tank  wall 

L_top 

0.15[m] 

Width  of  top 

Select  File  >  Save  as.  Enter  Thermos_Container_2.  Click  the  Save  button. 
Importing  the  2D  Axisymmetric  Thermos  Container 

note'^  The  actual  sequence  of  steps  required  in  the  building  of  the  2D  axisymmetric 
Thermos_Container  was  presented  in  the  discussion  of  the  2D  axisymmetric 
Thermos_Container_l  model.  Now  the  modeler  can  use  the  import  function  to  utilize 
the  same  physical  model  configuration  and  explore  the  influence  of  different  materials 
and  materials  properties  on  the  overall  model  design  behavior. 

Using  the  menu  bar,  select  File  >  Import  >  CAD  Data  From  File.  Select 
"TC_l_Geometry.dxf."  See  Figure  5.87.  Click  the  Import  button. 
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Pi  itinnmnK/m 
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(  NewFoldtr  )  (  Caned  )    (  impon  ) 

I  FIGURE  5.87  2D  axisymmetric  Thermos_Container_2  model  import 
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Table  5.28    Rectangle  Edit  Window 


Object  Number 

Base 

r 

z 

Rectangle  1 

0.25 

0.55 

Corner 

0 

0 

note^  Because  the  Geometry .dxf  file  contains  only  boundary  information,  the 
modeler  needs  to  create  a  domain  to  which  the  boundary  information  can  be  applied. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle,  as  indicated  in 
Table  528.  Click  OK.  See  Figure  5.88. 

Physics  Subdomain  Settings:  General  Heat  Transfer 

Having  established  the  geometry  for  the  2D  axisymmetric  Thermos_Container_2 
model,  the  next  step  is  to  define  the  fundamental  Physics  conditions.  Select  Physics  > 
Subdomain  Settings.  In  the  Subdomain  edit  windows,  enter  the  information  shown  in 
Table  5.29.  See  Figure  5.89. 
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Table  5.29    Subdomain  Edit  Window 


Subdomain 

Operation 

Description 

1,  3,  6,  8 

Enter 

k 

k_304ss 

Thermal  conductivity 

1 ,  3,  6,  8 

Enter 

P 

rho„304ss 

Density 

1 ,  3,  6,  8 

Enter 

CP 

Cp_304ss 

Heat  capacity 

In  the  Subdomain  edit  windows,  enter  the  information  shown  in  Table  5.30. 
Enter  p_vac  in  place  of  p  in  the  density  expression  rho(p[l/Pa],T[l/K])[kg/mA3],  so 
that  it  reads  rho(p_vac[l/Pa],T[l/K])[kg/mA3]  in  the  Density  edit  window.  Select 
"Transparent"  from  the  Opacity  pull-down  list.  See  Figure  5.90. 

In  the  Subdomain  edit  windows,  enter  the  information  shown  in  Table  5.31 .  Enter 
p_0  in  place  of  p  in  the  density  expression  to  yield  rho(p_0[l/Pa],T[l/K])[kg/mA3]  in 
the  Density  edit  window.  Select  "Transparent"  from  the  Opacity  pull-down  list.  See 
Figure  5.91. 

In  the  Subdomain  edit  windows,  enter  the  information  shown  in  Table  5.32.  See 
Figure  5.92. 


equation 
V(-kVT)  =  Q 
T  =  temperature 


|  I  Select  by  group 

M  Active  in  this  domain 


Convection 


Init 


Thermal  properties  and  heat  sources/sinks 


Library  material:  ' 


Quantity  Value/Expression 

@  k  (isotropic)  k_304ss 


O  l<  (anisotropic)  400  0  0  400 

p  rho_304ss 

S 
Q 


Opacity 


Cp_304ss 

c 


Unit  Description 

W/(m  K)  xherma|  conductivity 

W/(m  K)  Thermal  conductivity 
kg/m3  Density 

J/(kg  K)  Heat  capacity  at  constant  pressure 
W/m3      Heat  source 


(    Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  5.89  2D  axisymmetric  Thermos_Container_2  model  Subdomain  Settings  (1,  3,  6,  8)  edit  window 
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Table  5.30    Subdomain  Edit  Window 


Operation 

Name 

2,  7 

Load 

Basic  Materials  Properties  >  Air,  1  atm 

Table  5.31    Subdomain  Edit  Window 


5,  9 

Load 

Basic  Materials  Properties  >  Air,  1  atm 

Table  5.32    Subdomain  Edit  Window 


Subdomain 

Operation 

Name 

4 

Load 

Basic  Materials  Properties  >  Water,  liquid 

equation 
V(-kVT)  =  Q 
T  =  temperature 


Convection 


Init  Element 


Thermal  properties  and  heat  sources/sinks 


Library  material:      Air,  1  ; 


Ti 


Quantity  Value/Expression 

@  k  (isotropic)  k(T[l/K|)[W/(m'K)| 


Unit  Description 

W/(m  K) 


O  k  (anisotropic)     400  0  0  400 


Thermal  conductivity 
W/(m  K)  Thermal  conductivity 


P 

S 
Q 

Opacity: 


rho(p_vac|l/Pa!.T|l/l    k9/m5  Denary 

Cp(T[l/K]>U7(kg'KI]  J"k9  10  Heat  capacity  at  constant  pressure 
~0~  ~~  W/m3      Heat  source 


(  Transparent  )>-^ 


(     Help    )     (   Apply   )     (  Cancel  ) 


I  FIGURE  5.90  2D  axisymmetric  Thermos_Container_2  model  Subdomain  Settings  (2,  7)  edit  window 
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7(-kVT)-Q 
T  »  temperature 


! 


'_'  Select  by  group 

Ml  Active  in  thil  domain 


f  Conduction       Convection        ■   n  .  ,  Inn 


Coloi  L. 


Thermal  properties  and  heat  sources/ Jinks 

library  material   [  Air.  1  «un_l  Ht»<]    (  load,.,  ) 

Quantity  Value  Impression           Unit  Description 

©  klisotropicl  lt(T|l/K|)|W/(nfK)|       W',m  10  Thermal  rnndurtrvrry 

(J  k  (anisotropic)  400  0  0  401 
P 

Cn 
U 


UI1H.1I.IU.KI1    kg/m  Density 
Cpall/KDU/iluj-IOI     "lk»  10  Heat  capacity  at  constant  pressure 


Heal  suulcc 


Of""*  {  Itansparenl 


(    Help    )   (  Aptrtv  )    (  Cancel  ) 


I  FIGURE  5.91  2D  axisymmetric  Thermos_Container_2  model  Subdomain  Settings  (5,  9)  edit  window 


Equation 
VI-kvT)-Q 
T  -  tamperature 


Croups 


lain  selection 


P. 


1 


_'  Select  by  group 
^4  Active  in  this  domain 


f  Conduction       Convection       Ideal  Cas       toll       Dement       Color  l_ 


Thermal  properties  and  heat  sources/sinks 

Library  material:  '  Want,  liquid  K»|   (  load...  ) 

Quantity                Value/Expression  Unit  Description 

©  k  lisolropiO        k(T|l/K|)IW/(m'K)|  w/,m  Kl  Thermal  conductivity 

O  k  (anisotropic)     400  0  0  400  W'(m  10  Thermal  conductivity 

p                   rho  Ml  Klllkg  m-il  k9/ntJ  Density 

Cr>                   CrXTU/kDU/lkg-KII  "lk»  10  Heat  capacity  at  constant  pressure 


W/m«  „„, 


I  FIGURE  5.92  2D  axisymmetric  Thermos_Container_2  model  Subdomain  Settings  (4)  edit  window 
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Table  5.33    Boundary  Settings-General  Heat  Transfer  Edit  Window 


Boundary 

Boundary  Condition 

2 

Thermal  insulation 

5.93 

8,  14,  21 

Temperature 

T_L 

5.94 

note^  In  this  model,  because  of  the  high  thermal  conductivity  of  water,  the 
temperature  of  the  liquid  is  very  close  to  uniform  throughout.  Thus  uniformity  can  be 
assumed  and  subdomain  4  can  be  made  inactive.  The  temperature  of  the  liquid  is 
incorporated  into  the  boundary  conditions.  Also,  because  this  model  will  calculate  only 
the  heat  transfer,  and  not  the  detailed  convection  flow  in  the  surrounding  air,  subdomain 
9  can  be  made  inactive.  Convection  losses  are  incorporated  into  the  heat  transfer 
coefficient  boundary  conditions.  Incorporating  both  of  these  assumptions  into  the  model 
significantly  simplifies  the  model  calculations. 

Select  subdomain  4.  Uncheck  the  Active  in  this  domain  check  box.  Select  subdo- 
main 9.  Uncheck  the  Active  in  this  domain  check  box.  Click  OK. 

Physics  Boundary  Settings:  General  Heat  Transfer 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  For  the  indicated  boundaries, 
select  or  enter  the  given  boundary  condition  and  value  as  shown  in  Table  5.33.  Click  OK. 
See  Figures  5.93  and  5.94. 
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3     (  L«d ...  ) 


Boundary  condign    f  Thermal  In.uUooo  ^ 


W/m        Inward  heat  flux 
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External  temperature 
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K  Ambient  temperature 
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I  FIGURE  5.93  2D  axisymmetric  Thermos_Container_2  model  Boundary  Settings  (2)  edit  window 
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Boundary  sources  and  constraints 
Library  coefficient:  ' 
Boundary  condition: 


Temperature 


Quantity 

h 

T0 

Radiation  type: 

E 

Tamb 

'o 

Member  of  group(s): 


Value/Expression 


Unit 

W/m2 


Description 

Inward  heat  flux 


T_L 

I  None 


W/(m  K)  Heat  transfer  coefficient 
K 

External  temperature 

K 

Temperature 


epsilonjitnh  ■..irint.ij'i  W/m2 
1 


Surface  emissivity 
Ambient  temperature 
Surface  radiosity  expression 


(    Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  5.94  2D  axisymmetric  Thermos_Container_2  model  Boundary  Settings  (8, 14,  21)  edit  window 


Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  For  the  indicated  bound- 
aries, select  the  boundary  condition. 

Load  the  Library  coefficient  using  the  path  Heat  Transfer  Coefficients  >  Air,  Ext. 
Natural  Convection  as  shown  in  Table  5.34. 

Enter  L_wall  in  the  Heat  transfer  coefficient  (h)  expression  in  place  of  the  L_htgh 
term  for  boundary  28: 

h_ave(T[l/K]  ,Tinf_htgh[l/K]  ,L_wall[l/m])[W/(mA2*K)] 


Table  5.34    Boundary  Settings-General  Heat  Transfer  Edit  Window 


28 

Heat  flux 

Nat. 

Vertical  wall,  L=height 

5.95 

34 

Heat  flux 

Nat. 

Horiz.  plane,  Upside,  L=width 

5.96 
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Equation 

-"■(-WD  -Hq*  MTint-T) 


Boundary  condition      Hiqhly  Conductive  Layer 


murre*  and  fr.nttr.iint* 
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I  FIGURE  5.95  2D  axisymmetric  Thermos_Container_2  model  Boundary  Settings  (28)  edit  window 
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  K 
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Surface  radios  ity  expression 
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I  FIGURE  5.96  2D  axisymmetric  Thermos_Container_2  model  Boundary  Settings  (34)  edit  window 
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Free  Mesh  Parameters 


_T  Global      Subdomain      Boundary      Point  Advanced 


Subdomain  selection 


Q  Select  bv  group 
^  Select  Remaining  ^ 
C    Select  Meshed  ) 


Reset  to  Defaults 


3C 


Subdomain  mesh  parameters 


Maximum  element  size:  0.002 
Element  growth  rate: 
Method: 


1  Quad 


J    (     Mesh  Selecttd  ) 


(  Cancel  ") 
(  Apply  ^ 
(    Help  ) 


I  FIGURE  5.97  2D  axisymmetric  Thermos_Container_2  model  Free  Mesh  Parameters  edit  window 


Enter  T_0  in  the  External  temperature  (TM)  edit  window  for  boundary  28 .  See 
Figure  5 .95 . 

Enter  L_top  in  the  Heat  transfer  coefficient  (h)  expression  in  place  of  the  L_htgh 
term  for  boundary  34: 

h_ave(T[  1/K]  ,Tinf_htgh[  1/K]  ,L_top[  l/m])[W/(mA2*K)] 

Enter  T_0  in  the  External  temperature  (TM)  edit  window  for  boundary  34.  See 
Figure  5.96. 
Click  OK. 

Mesh  Generation 

From  the  menu  bar,  select  Mesh  >  Free  Mesh  Parameters  >  Subdomain  1,2,  3,  6, 7,  8. 
Enter  Maximum  element  size  0.002.  Select  Method  >  Quad.  Click  the  Remesh  button. 
See  Figure  5.97. 

Click  OK.  See  Figure  5.98. 

Solving  the  2D  Axisymmetric  Thermos_Container_2  Model 

From  the  menu  bar,  select  Solve  >  Solver  Parameters  >  Parametric.  Enter  T_L  in  the 
Parameter  name  edit  window.  Enter  273.15:9.5:368.15  in  the  Parameter  values  edit 
window.  See  Figure  5.99.  Click  OK. 
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Solve.  Parameters 


Analytic 


1  Gcr.enl       pjmtttUk       Suuiutwy  .  Advanced 


Stationary  segre0ated 
Pmrnnrk > 


Parameter  nam* 
Parameter  values: 


273.15  9.S  168.15 


Adaptive  mesh  refinement 


Linear  system  solver 
Linear  system  solver 

Precondltioner 


Direct  <UMFPACK> 


(     H«lp     )     (    Apply    )     (   Cu.t.1  ) 


I  FIGURE  5.99  2D  axisymmetric  Thermos_Container_2  model  Solver  Parameters  edit  window 
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I  FIGURE  5.100  2D  axisymmetric  Thermos_Container_2  model  using  the  Parametric  Solver  (UMFPACK) 


From  the  menu  bar,  select  Solve  >  Solve  Problem.  See  Figure  5.100. 
Postprocessing 

Select  Postprocessing  >  Plot  Parameters  >  Surface.  Select  "°C  [degC]"  in  the  Unit 
pull-down  list.  See  Figure  5.101. 
Click  OK.  See  Figure  5.102. 

Given  that  our  main  interest  in  creating  the  2D  axisymmetric  Thermos_Container_2 
model  is  to  examine  the  heat  transfer,  the  next  step  is  to  determine  the  heat  loss.  Select 
Postprocessing  >  Boundary  Integration.  Select  boundaries  28  and  34  (the  wall  and  top 
of  the  tank,  respectively).  Select  "Normal  total  heat  flux"  in  the  Predefined  quantities 
pull-down  list.  Check  the  Compute  surface  integral  (for  axisymmetric  modes)  check  box. 
See  Figure  5.103. 

Click  OK.  The  result  of  the  Boundary  Integration  (~37  W)  is  displayed  as  Value 
of  surface  integral:  xx.xxxx  [W],  Expression:  ntflux_htgh,  Boundaries:  28,  34  in  the 
display  window  at  the  bottom  of  the  COMSOL  user  interface.  The  amount  of  energy 
lost  is  approximately  45%  of  that  lost  using  the  urethane  foam  insulation  (~82  W)  in 
the  2D  axisymmetric  Thermos_Container_l  model.  See  Figure  5.104. 
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I  FIGURE  5.101  2D  axisymmetric  Thermos_Container_2  model  Plot  Parameters  window 


-4J  <u 


I  FIGURE  5.102  2D  axisymmetric  Thermos_Container_2  model  surface  temperature  (°C) 
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Boundary  Integr, 


Boundary  selection: 


Expression  to  integrate 


Predefined  quantities:   1   Normal  total  heat  flux 
Expression:  ntflux_htgh 

Unit  of  integral:  [  W  t-frj 

0  Compute  surface  integral  (for  axisymmetric  modes) 


1  368.15 


Solution  at  angle  (phase):  0 


degrees 


Integration  order:    M  Auto 


I  FIGURE  5.103  2D  axisymmetric  Thermos_Container_2  model  Boundary  Integration  edit  window 


COMSOL  Mj.t>p»ivi'Ci  -  UwhI/Hm:  Transfer  Module  -  Gem 


I  FIGURE  5.104  2D  axisymmetric  Thermos_Container_2  model  user  interface  display  window 
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Principal 
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'_'  Reverse  direction 

^2  Use  camera  settings  from  main  window 


Solutions  to  use 

Select  via- 


Anl 


urate 


Start  Animation 


Help  Apply  Cancel 


I  FIGURE  5.105  2D  axisymmetric  Thermos_Container_2  model  Plot  Parameters  window 


Postprocessing  Animation 

Select  Postprocessing  >  Plot  Parameters  >  Animate.  Select  or  verify  that  all  of  the 
solutions  in  the  Solutions  to  use  window  are  selected.  See  Figure  5.105. 
Click  the  Start  Animation  button.  See  Figure  5.106. 

Alternatively,  you  can  play  the  file  Movie5_TC_2.avi  that  was  supplied  with  this 
book. 

Second  Variation  on  the  2D  Axisymmetric  Thermos_Container  Model 


note^  In  this  model ,  the  second  variation  on  the  2D  axisymmetric  Thermos_  Container 
model,  a  glass  material  replaces  the  stainless  steel  walls  and  a  vacuum  cavity  replaces 
the  urethane  foam. 
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T_L(11>=  368.15 
Surface:  Temperature  (°C| 
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Min:  -3.411e-13 


I  FIGURE  5.106  2D  axisymmetric  Thermos_Container_2  model  animation,  final  frame 


To  start  building  the  Thermos_Container_3  model,  activate  the  COMSOL 
Multiphysics  software.  In  the  Model  Navigator,  select  "Axial  symmetry  (2D)"  from 
the  Space  dimension  pull-down  list.  Select  Heat  Transfer  Module  >  General  Heat 
Transfer  >  Steady-state  analysis.  See  Figure  5.107.  Click  OK. 

Constants 

note^  When  building  a  model,  it  is  usually  best  to  consolidate  the  calculational 
parameters  (e.g.,  constants,  scalar  expressions)  in  a  small  number  of  appropriate, 
convenient  locations  (e.g.,  a  Constants  file,  a  Scalar  Expressions  file)  so  that  they  are 
easy  to  find  and  modify  as  needed.  Because  the  settings  in  the  Constants  and  Scalar 
Expressions  edit  windows  can  be  imported  and  exported  as  text  files,  the  appropriate 
text  file  can  be  modified  in  a  text  editor  and  then  reimported  into  the  correct  Constants 
or  Scalar  Expressions  edit  window. 


Using  the  menu  bar,  select  Options  >  Constants.  In  the  Constants  edit  window, 
enter  the  information  shown  in  Table  5.35;  also  see  Figure  5.108.  Click  OK. 
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Model  Navigator 


I  FIGURE  5.107  2D  axisymmetric  Thermos_Container_3  Model  Navigator  setup 


Table  5.35    Constants  Edit  Window 


p_0 

1.0[atm] 

Air  pressure 

p_vac 

1 .33e-7[Pa] 

Pressure  in  vacuum 

T_0 

2.731 5e2[K] 

Boundary  temperature 

T_L 

9.5e1[degC] 

Liquid  temperature 

L_wall 

0.35[m] 

Projected  height  of  tank  wall 

L_top 

0.15[m] 

Width  of  top 

Name 

Fxpressinn 

P.O 

1.0|atm) 

1.01325e5|Pal     Air  pressure  ^ 

p  vac 

1.33e-7[Pa| 

(1.33e-7)[PaI       Pressure  in  Vacuum 

y> 

z/i.li|Kl           Boundary  temperature 

T_L 

O.Scl[dcgC] 

368.1SIK]             L  quid  temperature 

L  wall 

0.35(ml 

0.351ml             Proiected  heioht  of  tank  wall 

L_top 

0.15[m] 

0.15|m]             Width  of  top 

I 

T 

C*  H  (     Help     )     (    Apply   )     (  Cancel   )     (     OK  ) 

I  FIGURE  5.108  2D  axisymmetric  Thermos_Container_3  model  Constants  edit  window 
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Fi.e:||  | 
1  U  7_Models                           :  1 

□  Cvlmder_Conduction_l.mph      Sunday.  December  14.  2008  8  ..  ■ 
0  '.vlmder_Conduction_lp.mph    Monday,  December  15,  2008  9...  1 
U  Cyltnder_Conduction_2.mph      Tuesday.  December  16.  2008  ...  1 
D  Cylinder_Conduction_3.mph      Wednesday.  December  17.  200.. .1 
1j  TC_l_Ceometry.dxf               Thursday.  January  1.  2009  6:5... 
D  TC_Ceom_l.mph                  Saturday.  December  27.  2008  ...  L, 
1*1  TCConstantsl.txt                   Friday.  January  2.  2009  4  25  PM  f*. 

(  Options...  ) 

File  Format:  1  All  2D  CAD  files  C.dxf;  *....  k*4 

(  New  Folder  )                                            (  Cancel  )       Import  ) 

I  FIGURE  5.109  2D  axisymmetric  Thermos_Container_2  model  import 


note^  When  building  a  model,  it  is  usually  best  to  choose  a  name  for  modeler-defined 
parameters  (e.g.,  constants,  scalar  functions)  that  are  easily  recalled  and  associated  with 
the  function  that  they  provide  in  the  model  (e.g.,  p_vac,  L_wall). 


Select  File  >  Save  as.  Enter  Thermos_Container_3.  Click  the  Save  button. 
Importing  the  2D  Axisymmetric  Thermos  Container 

note^  The  actual  sequence  of  steps  required  in  the  building  of  the  2D  axisymmetric 
Thermos_Container  was  presented  in  the  discussion  of  the  2D  axisymmetric 
Thermos_Container_l  model.  Now  the  modeler  can  use  the  import  function  to  utilize 
the  same  physical  model  configuration  and  explore  the  influence  of  different  materials 
and  materials  properties  on  the  overall  model  design  behavior. 

Using  the  menu  bar,  select  File  >  Import  >  CAD  Data  From  File.  Select 
"TC_l_Geometry.dxf."  See  Figure  5.109.  Click  the  Import  button. 

note^  Because  the  Geometry .dxf  file  contains  only  boundary  information,  the 
modeler  needs  to  create  a  domain  to  which  the  boundary  information  can  be  applied. 


Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle,  as  indicated  in 
Table  5.36. 

Click  OK.  See  Figure  5.110. 
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I  FIGURE  5.110  2D  axisymmetric  Thermos_Container_3  model  import  and  rectangle  R1 
Physics  Subdomain  Settings:  General  Heat  Transfer 

Having  established  the  geometry  for  the  2D  axisymmetric  Thermos_Container_3 
model,  the  next  step  is  to  define  the  fundamental  Physics  conditions.  Select  Physics  > 
Subdomain  Settings.  In  the  Subdomain  edit  windows,  enter  the  information  shown  in 
Table  5.37.  See  Figure  5.111. 

In  the  Subdomain  edit  windows,  enter  the  information  shown  in  Table  5.38. 

I  Table  5.36    Rectangle  Edit  Window 


Rectangle  1  0.25  0.55  Corner  0  0 


Table  5.37    Subdomain  Edit  Window 


Subdomain 

Operation 

Name 

1.  3,  6,  8 

Load 

Basic  Materials  Properties  >  Silica  Glass 

Table  5.38    Subdomain  Edit  Window 


Subdomain 

Name 

2,  7 

Load 

Basic  Materials  Properties  >  Air,  1  atm 
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Equation 
V(-kVT)  -  Q 
T  =  temperature 


ins  Croups 


Convection      Ideal  Cas      Init  Element 


Coloi  L 


Thermal  properties  and  heat  sources/sinks 


Library  material:      Silica  Class 

Value/Expression 


Quantity 

@  k  (isotropic) 


2203[kg/m*3] 


l.38[W7(m*K)] 
(3  k  (anisotropic)     400  0  0  400 
P 

S 

q  n;  

Of""*  f  Opaque 


703U/(kg,K)| 


Unit  Description 

W/(m  K)  Thermal  conductivity 
W/(m  K)  Tr,ermal  conductivity 
l<B/m3  Density 

J/(kg  K)  Heat  cjpjcjty  a,  constant  pressure 
W/m3     Heat  source 


(    Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  5.111  2D  axisymmetric  Thermos_Container_3  model  Subdomain  Settings  (1,3,  6,  8)  edit  window 


Enter  p_vac  in  place  of  p  in  the  density  expression  rho(p[l/Pa],T[l/K])[kg/mA3], 
so  that  it  reads  rho(p_vac[l/Pa],T[l/K])[kg/mA3]  in  the  Density  edit  window.  Select 
"Transparent"  from  the  Opacity  pull-down  list.  See  Figure  5.112. 

In  the  Subdomain  edit  windows,  enter  the  information  shown  in  Table  5.39. 

Enter  p_0  in  place  of  p  in  the  density  expression  to  yield  rho(p_0[l/Pa], 
T[l/K])[kg/mA3]  in  the  Density  edit  window.  Select  "Transparent"  from  the  Opacity 
pull-down  list.  See  Figure  5.113. 

In  the  Subdomain  edit  windows,  enter  the  information  shown  in  Table  5.40.  See 
Figure  5.114. 


Table  5.39    Subdomain  Edit  Window 


5,  9  Load  Basic  Materials  Properties  >  Air,  1  atm 
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T  »  temperature 


'  Subdomain »       Groups  1 

Subdomain  .elation 

1 

3 

: 

; 

6 

Convection       iJr.il  Gal  Init 


Colo.  )_ 


Thermal  properties  and  heat  sources/sinks 

library  material    '  Air,  1  atm      Ht«|    (  load...  ) 

Value/Expression  Unit  Description 


©  k  lisolrbpicl  >mi/K|)|W/(nfK)|  W"m  10  Thermal  conductivity 
(J  klanisotropio  W/(m  «J  Thermal  conductivity 

rholp  var.il/ral.IIUI   «9/m!  uensity 


p 

CP 

Q 

Opacity 


Cp(T|l/K|)U/(kg'K)l  "lk»  10  Heat  capacity  at  constant  pressure 
ft)  w/ml  rlealsuuiic 


(    Help    )    (   Apply  )    (  Cancel  ) 


I  FIGURE  5.112  2D  axisymmetric  Thermos_Container_3  model  Subdomain  Settings  (2,  7)  edit  window 


Equation 


Conduction       Convection       Ideal  Gas 


Thermal  properties  and  heat  sources/sinks 


Library  material    '  Air,  1  «*m_l 


3  G^D 


Value/Expression  Unit  Description 

@  k  lisdtrdplcl  kCTM/KDrW/lm'k)]  W"m  10  The rmal  f nndurhvity 

(J  k  (anisotropic)  400  0  0400  w"m  10  Thermal  conductivity 

'  rlKKO  Otl/CaLIU/KI)  o,nsltv 

Ce  Cp(T|l/l<])U;(kg'K)|  w(k»  10  Meat  capacity  at  constant  pressure 

Q 

Opacity 


W/m' 


Heat  suuitc 


transparent  hj\ 


(     Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  5.113  2D  axisymmetric  Thermos_Container_2  model  Subdomain  Settings  (5,  9)  edit  window 
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Table  5.40    Subdomain  Edit  Window 


Subdomair 

Name 

4 

Load 

Basic  Materials  Properties  >  Water,  liquid 

note^  In  this  model,  because  of  the  high  thermal  conductivity  of  water,  the 
temperature  of  the  liquid  is  very  close  to  uniform  throughout.  Thus  uniformity  can  be 
assumed  and  subdomain  4  can  be  made  inactive.  The  temperature  of  the  liquid  is 
incorporated  into  the  boundary  conditions.  Also,  because  this  model  will  calculate  only 
the  heat  transfer,  and  not  the  detailed  convection  flow  in  the  surrounding  air,  subdomain 
9  can  be  made  inactive.  Convection  losses  are  incorporated  into  the  heat  transfer 
coefficient  boundary  conditions.  Incorporating  both  of  these  assumptions  into  the 
model  significantly  simplifies  the  model  calculations. 

Select  Subdomain  4.  Uncheck  the  Active  in  this  domain  check  box.  Select 
Subdomain  9.  Uncheck  the  Active  in  this  domain  check  box.  Click  OK. 


Equation 
\7(-kvT>  -  Q 
T  -  temperature 


Croup: 
[_]  Select  by  group 
M  Active  in  this  domain 


|  Conduction      Convection      Ideal  Gas 


Init 


Thermal  properties  and  heat  sources/sinks 


Library  material:  I  Wawr,  liquid          (  Load...  ) 

Quantity  Value/Expression  Unit  Description 

©  k  (isotropic)        k(T[l/Kl>rw/(m-K)l  W/lm  K)  Thermal  conductivity 

O  k  (anisotropic)     400  D  0  400  W,(m  K)  Thermal  conductivity 

p                   rho(T|l/K])|kg/m*3|  k9/m3  Density 

CP                  CpfTll/KlHJAkgMOl  J/,k9  K)  Heat  capacity  at  constant  pressure 

°-  "0  |  W/m' 


Heat  source 


(    Help    )    (    Apply   )    (  Cancel  >    (     OK  ) 

I  FIGURE  5.114  2D  axisymmetric  Thermos_Container_3  model  Subdomain  Settings  (4)  edit  window 
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Table  5.41    Boundary  Settings-General  Heat  Transfer  Edit  Window 


Boundary 

Boundary  Condition 

2 

Thermal  insulation 

5.115 

8,  14,  21 

Temperature 

T_L 

5.116 

Physics  Boundary  Settings:  General  Heat  Transfer 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  For  the  indicated  bound- 
aries, select  or  enter  the  given  boundary  condition  and  value  as  shown  in  Table  5.41 . 
Click  OK.  See  Figures  5.115  and  5.116. 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  For  the  indicated  bound- 
aries, select  the  Boundary  condition. 

Load  the  Library  coefficient  using  the  path  Heat  Transfer  Coefficients  >  Air,  Ext. 
Natural  Convection  as  shown  in  Table  5.42. 


.a. 


Boundary  Settings  -  General  Heat  Transfer  (htgh) 


Croup:  [  

Q  Select  bv  group 
Q  Interior  boundaries 


I] 


!'  Boundary  Condition      Highly  Conductive  Layer  Clement 


Boundary  sources  and  constraints 
Library  coefficient: 
Boundary  condition: 
Quantity 

h 


T)  - 


Thermal  insulation 


Value/Expression 


W/m' 


Description 

Inward  heat  flux 


■int 


Radiation  type. 


273.15 


W/(m  K)  Heat  transfer  coefficient 
K 

External  temperature 

K 

Temperature 


Member  of  group(s): 


1 
K 

ep5ilon_htgh"sigma_h  W/m2 
1 


Surface  emissivity 
Ambient  temperature 
Surface  radiosity  expression 


(    Help    )    (   Apply   )    (  Cancel  )    (     OK  ) 

I  FIGURE  5.115  2D  axisymmetric  Thermos_Container_3  model  Boundary  Settings  (2)  edit  window 
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Gtuuu 


Croups  1 


Q  \»l«-t  hy  grnun 


'  Boundary 


Condition 


Element  Color/Style 


Boundary  sources  and  constraints 
Library  coefficient  [ 
Knunrtaryrnnrlrnnn    I  m=£ 


Value/Expression 


% 
h 

T. 

MdMOM  type 

E 

Txr* 

"o 

Member  ot  groupd). 


Unit  Description 
W/m2       Inward  beat  flux 
W/W  K)  neat  transfer  rneffirient 

External  temperature 

Temperature 


CDMlor.  r-rjr  sigrr.j  r,  W/m1 
1 


Surface  emissivity 
Ambient  temperature 
Surface  t  arjiositv  expression 


(    Help    ~l    (   Apply  )    (  Cancel  ) 


I  FIGURE  5.116  2D  axisymmetric  Thermos_Container_3  model  Boundary  Settings  (8, 14,  21)  edit  window 


Enter  L_wall  in  the  Heat  transfer  coefficient  (h)  expression  in  place  of  the  L_htgh 
term  for  boundary  28: 

h_ave(T[l/K]  ,Tinf_htgh[l/K]  ,L_wall[l/m])[W/(mA2*K)] 

Enter  T_0  in  the  External  temperature  (Tinf)  edit  window  for  boundary  28 .  See 
Figure  5.117. 

Enter  L_top  in  the  Heat  transfer  coefficient  (h)  expression  in  place  of  the  L_htgh 
term  for  boundary  34: 

h_ave(T[l/K],Tinf_htgh[l/K],L_top[l/m])[W/(mA2*K)] 

Enter  T_0  in  the  External  temperature  (Tinf)  edit  window  for  boundary  34.  See 
Figure  5.118. 
Click  OK. 


Table  5.42    Boundary  Settings-General  Heat  Transfer  Edit  Window 


28 

Heat  flux 

Nat.  Vertical  wall,  L=height 

5.117 

34 

Heat  flux 

Nat.  Horiz.  plane,  Upside,  L=width 

5.118 
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-n-l-IOT)-<!5»MTl„|-T> 


'  Boundary  Condition      Highly  Conductive  Layer  Clement 


sources  and  constraints 


Library  coefficient:   I  MM.  Vertical  null,  L-r»lo>t_l  (  Load... 

Hnundary  condition'   I  hhiDui  B 


Quantity 

«i> 


Value/1 


Unit 


Description 

Inward  heat  flux 


h.nrKI|lfK].linf.Hlr  W/W  K>  Hm  transfer  rneff.rir.nt 
~Tla  _  K  External  t. 

K  Temperature 


Kadiannn  ry[» 
c 

T.mt 

Member  ot  groupls). 


epslion.rugrrslgrna.h  W/m1 
1 


Surface  emicsivity 
Ambient  temperature 
Surface  radlosltv  expression 


(    Help    )    (   Apply  )    f  Cancel  ) 


I  FIGURE  5.117  2D  axisymmetric  Thermos_Container_3  model  Boundary  Settings  (28)  edit  window 


-n-l-Wn-Q.|)-eh(T1„|-T> 


Highly  Conductive  Layer       Element      Color/Style  I 
Boundary  sources  and  constraints 

Library  coefficient:   I  MM.  Horll.  plaatt,  Upairta,  L-wlcM.  r<H     (   Load...  •) 
Knundary  condition'   [  Hajjfhix  M 
Quantity  Vallie/Exprejiion  Unit  Description 

"o  [5  ~~  W/™2       Inward  heat  flu. 

h 

m 

To 


h.avwill/icl.linf.hlr   W/<m  KJ  Heat  transfer  coefficient 
External  temperature 
K  Temperature 


TaMb 

s 

Member  ol  group,!). 


Surface  tflUlfMty 
Ambtcnt  temperature 


i.ilon.hton  Momj.ri   W/m*      Surface  radlojltv  expression 
1 


I  FIGURE  5.118  2D  axisymmetric  Thermos_Container_3  model  Boundary  Settings  (34)  edit  window 
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Free  Mesh  Parameters 


Global 


Subdomain  selection 


Select  by  group 
f  Select  Remaining  ^ 
(     Select  Meshed  > 


Boundary      Point      Advanced  I 


Subdomain  mesh  parameters 


Maximum  element  size:  0.002 
Element  growth  rate: 
Method: 


(  Cancel  > 

(  *™*L  ) 

(    Help  ) 


(  Reset  to  Defaults  ^)    (         Remesh       j    f     Mesh  Selected 

I  FIGURE  5.119  2D  axisymmetric  Thermos_Container_3  model  Free  Mesh  Parameters  edit  window 


Mesh  Generation 

From  the  menu  bar,  select  Mesh  >  Free  Mesh  Parameters  >  Subdomain  1,2,3,6,7,8. 
Enter  Maximum  element  size  0.002.  Select  Method  >  Quad.  Click  the  Remesh  button. 
See  Figure  5.119. 

Click  OK.  See  Figure  5.120. 


Solving  the  2D  Axisymmetric  Thermos_Container_3  Model 

From  the  menu  bar,  select  Solve  >  Solver  Parameters  >  Parametric.  Enter  T_L  in  the 
Parameter  name  edit  window.  Enter  273.15:9.5:368.15  in  the  Parameter  values  edit 
window.  See  Figure  5.121.  Click  OK. 

From  the  menu  bar,  select  Solve  >  Solve  Problem.  See  Figure  5.122. 


Postprocessing 

Select  Postprocessing  >  Plot  Parameters  >  Surface.  Select  "°C  [degC]"  in  the  Unit 
pull-down  list.  See  Figure  5.123. 
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I  FIGURE  5.120  2D  axisymmetric  Thermos_Container_3  model  mesh 


Solve.  PdidfTieters 


3 


Pdidttwuh.       SbJliurtdiy  Advdined  ' 


[2  Adaptive  mesh  refinement 


Parameter 
Parameter  name 
Parameter  values 


[273.15:9.5  368.15 


linear  system  solver 

Linear  tystem  «tv«r:   |  Dirtei  (UMFPACIO 

Precondition  er 


T) 


(    Hdp     )    (    Apply   )    (  C»md  ) 


I  FIGURE  5.121  2D  axisymmetric  Thermos_Container_3  model  Solver  Parameters  edit  window 
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I  FIGURE  5.122  2D  axisymmetric  Thermos_Container_3  model  using  the  Parametric  Solver  (UMFPACK) 


'  General 


Boundary  Arrow  Principal 


3 


(V  Surface  phot 


Hiight  Data 


Predefined  quantities  Temperature 

Expression:  [t 

Unit 


>*H    (  lUnoe..,  j 
M  Smooth 


Coloring  and  fill 
Coloring 


fill  style 


Mirfar t  mint 


0  Colurtiwu 


O  Uniform  color:     (  Color-.  ) 


Colors 


0]  I  nlnr  *fal#> 


I  FIGURE  5.123  2D  axisymmetric  Thermos_Container_3  model  Plot  Parameters  window 
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I  FIGURE  5.124  2D  axisymmetric  Thermos_Container_3  model  surface  temperature  (°C) 
Click  OK.  See  Figure  5.124. 

Given  that  our  main  interest  in  creating  the  2D  axisymmetric  Thermos_ 
Container_3  model  is  to  examine  the  heat  transfer,  the  next  step  is  to  determine  the 
heat  loss.  Select  Postprocessing  >  Boundary  Integration.  Select  boundaries  28  and 
34  (the  wall  and  top  of  the  tank,  respectively).  Select  "Normal  total  heat  flux"  in  the 
Predefined  quantities  pull-down  list.  Check  the  Compute  surface  integral  (for 
axisymmetric  modes)  check  box.  See  Figure  5.125. 


mprminn  in  intpgi-itp 


quantities  1  Normal  total  heat  flux  it)aj 
Expression  ntflux_htgh 
Unit  of  integral  j  W  »♦«] 

IVl  Compute  surface  integral  Itor  axisymmetric  modes) 


Parameter  value: 

Time 


1  36J1S 


solution  at  angle  i  phase:  0 

frame 


Integration  order    Mj  Auto 


I  FIGURE  5.125  2D  axisymmetric  Thermos_Container_3  model  Boundary  Integration  edit  window 
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I  FIGURE  5.126  2D  axisymmetric  Thermos_Container_3  model  user  interface  display  window 


Click  OK.  The  result  of  the  Boundary  Integration  (~34  W)  is  displayed  as  Value 
of  surface  integral:  xx.xxxx  [W],  Expression:  ntflux_htgh,  Boundaries:  28,  34  in  the 
display  window  at  the  bottom  of  the  COMSOL  user  interface.  The  amount  of  energy 
lost  is  approximately  41%  of  that  lost  using  the  urethane  foam  insulation  in  the  2D 
axisymmetric  Thermos_Container_l  model  (~82  W).  See  Figure  5.126. 

Postprocessing  Animation 

Select  Postprocessing  >  Plot  Parameters  >  Animate.  Select  or  verify  that  all  of  the 
solutions  in  the  Solutions  to  use  window  are  selected.  See  Figure  5.127. 
Click  the  Start  Animation  button.  See  Figure  5.128. 

Alternatively,  you  can  play  the  file  Movie5_TC_3.avi  that  was  supplied  with  this 
book. 

2D  Axisymmetric  Thermos_Container  Models:  Summary  and  Conclusions 

The  models  presented  in  this  section  of  Chapter  5  have  introduced  the  following  con- 
cepts: two-dimensional  axisymmetric  modeling  (Axial  symmetry  [2D]),  cylindrical 
coordinates,  conductive  media  DC,  Heat  Transfer  Module,  heat  conduction  theory, 
opaque  and  transparent  thermally  conductive  materials,  export  and  import  of  CAD 
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«l       Principal        Sliarin         Pirmlt  Tc  juny         Ma. /Men        Defuim    \  MMM 


Movie  settings 


File  type.  |  AVI 

width  iin  pi«el». 


640 


Height  lin  pixels):  480 
rramcs  per  second  10 

(  Advanced...  ) 


Static  /  Eigenfunction  animation 
Cycle  type  '  Full  harmonic 


Number  of  frames:  11 


[J  Reverse  riirerlinn 

□  Use  camera  settings  from  main  window 


Start  Animation 


(    Help     )    (    Apply   )     (  Cancel  ) 


I  FIGURE  5.127  2D  axisymmetric  Thermos_Container_3  model  Plot  Parameters  window 


drawings  (.dxf  files),  heat  transfer  coefficients,  and  vacuum.  Previously  introduced 
concepts  employed  in  this  section  include  the  triangular  mesh,  free  mesh  parameters, 
subdomain  mesh,  maximum  element  size,  and  quadrilateral  mesh  (quad). 

A  comparison  of  the  calculated  results  for  the  three  thermos  container  models  is 
shown  in  Table  5.43.  As  can  be  readily  observed,  the  presence  of  a  vacuum  cavity  sig- 
nificantly reduces  the  rate  of  heat  flow  through  the  model  and  the  associated  heat  loss. 


Table  5.43    Thermos  Container  Modeling  Results  Summary 


1 

304ss,  urethane  foam 

No 

-82  W 

2 

304ss 

Yes 

-37  W 

-45% 

3 

Silica  glass 

Yes 

-34  W 

-41  % 
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-0.3       -0.2       -0.1         0  0.1         0.2         0.3         0.4         0.5  ™0 

Min:-1.705e-l3 


I  FIGURE  5.128  2D  axisymmetric  Thermos_Container_2  model  animation,  final  frame 
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■  Exercises 

1 .  Build,  mesh,  and  solve  the  COMSOL  2D  axisymmetric  cylinder  conduction  model 
problem  presented  in  this  chapter. 

2.  Build,  mesh,  and  solve  the  first  variation  of  the  2D  axisymmetric  cylinder  con- 
duction model  problem  presented  in  this  chapter. 

3.  Build,  mesh,  and  solve  the  second  variation  of  the  2D  axisymmetric  cylinder 
conduction  model  problem  presented  in  this  chapter. 

4.  Build,  mesh,  and  solve  the  2D  axisymmetric  Thermos_Container  model  presented 
in  this  chapter. 

5.  Build,   mesh,   and   solve   the   first   variation   of  the   2D  axisymmetric 
Thermos_Container  model  presented  in  this  chapter. 

6.  Build,  mesh,  and  solve  the  second  variation  of  the  2D  axisymmetric  Thermos_ 
Container  model  presented  in  this  chapter. 

7.  Explore  other  variations  of  the  arguments  in  the  COMSOL  2D  axisymmetric 
cylinder  conduction  models. 

8.  Explore  other  variations  of  the  arguments  in  the  2D  axisymmetric  Thermos_ 
Container  models. 

9.  Explore  how  an  increase  in  the  pressure  modifies  the  behavior  of  the  COMSOL 
2D  axisymmetric  cylinder  conduction  model. 

10.  Explore  how  changes  in  the  tank  geometry  affect  the  heat  loss  in  the  2D  axisym- 
metric Thermos_Container  model. 
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In  This  Chapter 

2D  Mixed-Mode  Guidelines  for  New  COMSOL®  Multiphysics®  Modelers 

2D  Mixed-Mode  Modeling  Considerations 

2D  Coordinate  System 

2D  Axisymmetric  Coordinate  System 

Joule  Heating  and  Heat  Conduction  Theory 

Heat  Conduction  Theory 
2D  Resistive  Heating  Modeling 

2D  Resistive  Heating  Model 

First  Variation  on  the  2D  Resistive  Heating  Model 

Second  Variation  on  the  2D  Resistive  Heating  Model,  Including  Alumina  Isolation 
2D  Resistive  Heating  Models:  Summary  and  Conclusions 
2D  Inductive  Heating  Considerations 

2D  Axisymmetric  Coordinate  System 

2D  Axisymmetric  Inductive  Heating  Model 

First  Variation  on  the  2D  Axisymmetric  Inductive  Heating  Model 

Second  Variation  on  the  2D  Axisymmetric  Inductive  Heating  Model 

2D  Axisymmetric  Inductive  Heating  Models:  Summary  and  Conclusions 

■  2D  Mixed-Mode  Guidelines  for  New  COMSOL®  Multiphysics®  Modelers 
2D  Mixed-Mode  Modeling  Considerations 

It  is  assumed,  at  this  point,  that  the  reader  has  been  exposed,  at  least  briefly,  to  the 
information  contained  in  Chapters  4  and  5.  In  this  chapter,  the  basic  material  from 
Chapters  4  and  5  is  utilized  and  somewhat  expanded.  In  the  earlier  chapters,  models 
were  built  and  then  solved  using  a  quasi-static  approach.  In  this  chapter,  the  transient 
(time-dependent)  method  of  solution  is  introduced.  Transient  models  are  intrinsically 
more  difficult  than  quasi-static  models.  Transient  models  require  a  firmer  understand- 
ing of  the  underlying  physics  and  a  more  complete  characterization  of  the  materials 
employed  in  the  model. 
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note^  In  transient  or  time-dependent  (e.g.,  dynamic,  unsteady)  models,  at  least  one 
of  the  dependent  variables  changes  as  a  function  of  time. 

These  2D  models  implicitly  assume,  in  compliance  with  the  laws  of  physics,  that 
the  energy  flow,  the  materials  properties,  the  environment,  and  any  other  conditions 
and  variables  that  are  of  interest  are  homogeneous,  isotropic,  and  constant  unless  other- 
wise specified  (e.g.,  time  dependent)  throughout  the  entire  domain  of  interest,  both 
within  the  model  and,  through  the  boundary  conditions,  in  the  environs  of  the  model. 

In  the  two  models  presented  in  this  chapter,  the  resistive  heating  model  and  the 
inductive  heating  model,  heat  is  generated  within  the  body  of  the  modeled  materials 
through  the  same  mechanism,  Ohm's  law1  (i.e.,  Joule  heating2),  by  two  fundamentally 
different,  but  similar  methods.  In  the  resistive  heating  models,  heat  is  generated  by  the 
flow  of  direct  current  (DC)3  through  the  body  in  the  models,  resulting  in  Joule  heat- 
ing. As  the  body  heats,  the  temperature  rises.  Because  the  resistivity  depends  on  the 
temperature,  the  resistivity  (conductivity)  changes  and  consequently  the  amount  of 
heat  generated  within  the  body  changes,  and  so  on. 

In  the  inductive  heating  model,  eddy  currents  (alternating  currents  [AC]4)  are 
induced  within  the  material  of  the  modeled  body.  Heat  is  generated  by  the  flow  of  the 
induced  alternating  current  within  the  body,  generating  Joule  heating.  As  the  body  heat 
increases,  the  temperature  rises.  Similarly,  because  the  resistivity  depends  on  the  tem- 
perature, the  resistivity  (conductivity)  changes  and  consequently  the  amount  of  heat 
generated  within  the  body  changes,  the  temperature  rises,  and  so  on. 


note^'  As  mentioned  in  previous  chapters,  it  is  always  preferable  for  the  modeler  to 
be  able  to  accurately  anticipate  the  expected  behavior  (results)  of  the  model  and  to 
understand  how  those  results  should  be  presented.  Never  assume  that  the  default  values 
that  are  initially  present  when  the  model  is  first  created  will  suit  the  needs  of  a  new 
model.  Always  verify  that  the  values  employed  in  the  model  are  the  correct  ones  needed 
for  that  model.  Calculated  solution  values  that  significantly  deviate  from  the  expected 
values  or  from  comparison  values  measured  in  experimentally  derived  realistic  models 
are  probably  indicative  of  one  or  more  modeling  errors  either  in  the  original  model 
design,  in  the  earlier  model  analysis,  or  in  the  understanding  of  the  underlying  physics, 
or  are  simply  due  to  human  error. 


2D  Coordinate  System 

Two  different  2D  coordinate  systems  are  employed  in  the  models  that  are  built  in  this 
chapter.  In  the  first  set  of  models  (resistive  heating),  the  basic  2D  coordinate  system 
plus  time  is  employed.  The  second  set  of  models  (inductive  heating)  employs  the  2D 
axisymmetric  coordinate  system  plus  time.  Each  of  the  coordinate  systems  was  chosen 
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to  facilitate  the  modeler  building  the  least  difficult  model  necessary  to  achieve  a  rea- 
sonably accurate  demonstration  of  the  principles  involved  and  achieve  a  good  first 
approximation  result. 

note^  Because  it  is  completely  impossible  to  accommodate  all  variable  factors  into 
any  scientific  or  engineering  problem  larger  than  the  two-body  problem,5  each 
scientific  or  engineering  calculation  yields  an  approximate  result.  A  good  first 
approximation  result  is  derived  from  a  calculation  that  yields  an  answer  that  allows  the 
modeler  to  determine  the  degree  of  feasibility  of  an  adequate  solution  to  the  problem  in 
question,  within  the  limits  of  tolerable  variance  (error).  All  of  the  nonmodeling 
parameters  need  to  be  estimated  either  by  the  modeler,  his  or  her  power  structure,  or  his 
or  her  accountant. 

The  purpose  of  the  models  presented  here  is  to  demonstrate  the  application  of  the 
chosen  modeling  techniques  to  applied  physical  prototypes,  using  measured  materials 
properties  for  commercially  available  materials.  These  first  approximation  result 
models  can  be  modified  and  used  by  the  modeler  to  build  other  exploratory  candidate 
models  to  determine  the  feasibility  of  similar  devices  as  part  of  a  more  complex 
development  or  analysis  project. 

In  a  steady-state  solution  to  a  2D  model,  parameters  can  vary  only  as  a  function 
of  position  in  space  (x)  and  space  (y)  coordinates.  Such  a  2D  model  represents  the 
parametric  condition  of  the  model  in  a  time-independent  mode  (quasi-static) .  In  a  tran- 
sient solution  model,  parameters  can  vary  both  by  position  in  space  (x)  and  space  (y) 
and  in  time  (t);  see  Figure  6.1 . 

The  transient  solution  model  is  essentially  a  sequential  collection  of  (quasi-static) 
solutions,  except  that  one  or  more  of  the  dependent  variables  (f(T,  t))  has  changed 
with  time.  The  space  coordinates  (x)  and  (y)  typically  represent  a  distance  coordinate 
throughout  which  the  model  is  to  calculate  the  change  of  the  specified  observables 
(i.e.,  temperature,  heat  flow,  pressure,  voltage,  current)  over  the  range  of  values 
(xmin<=  x  <  =  xmax)  and  (ymin<=  y  <=  ymax).  The  time  coordinate  (f)  represents  the 
range  of  values  (?min  <=  /  <=  fmax)  from  the  beginning  of  the  observation  period  ( fmin) 
to  the  end  of  the  observation  period  (?max). 


x 


I  FIGURE  6.1  2D  coordinate  system,  plus  time 
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I  FIGURE  6.2  2D  axisymmetric  coordinate  system,  plus  time 

2D  Axisymmetric  Coordinate  System 

In  the  steady-state  solution  to  any  2D  axisymmetric  model,  parameters  can  vary  only 
as  a  function  of  the  radial  position  in  space  (r)  and  the  axial  position  space  (z)  coordi- 
nates. Such  a  model  represents  the  parametric  condition  of  the  model  in  a  time- 
independent  mode  (quasi-static).  In  a  transient  solution  model,  parameters  can  vary 
both  by  position  in  space  (r)  and  space  (z)  and  in  time  (?);  see  Figure  6.2. 

The  transient  solution  model  is  essentially  a  sequential  collection  of  steady-state 
(quasi-static)  solutions.  The  space  coordinates  (r)  and  (z)  typically  represent  a  distance 
coordinate  throughout  which  the  model  is  to  calculate  the  change  of  the  specified 
observables  (i.e.,  temperature,  heat  flow,  pressure,  voltage,  current)  over  the  range  of 
values  (rmin<=  r  <=  rmax)  and  (zmin<=  z  <=  zmax)-  The  time  coordinate  (/)  repre- 
sents the  range  of  values  (tmin  <=  t  <=  ?max)  from  the  beginning  of  the  observation 
period  (tmin)  to  the  end  of  the  observation  period  (?max). 

Joule  Heating  and  Heat  Conduction  Theory 

Joule  heating  techniques  are  extremely  important  in  device  design  considerations.  Joule 
heating  is  applied  to  tasks  as  varied  as  heating  houses  (AC)  and  baking  potatoes 
(microwave  AC).  It  accounts  for  some  of  the  most  widely  utilized  technologies 
employed  for  research,  design,  and  application  in  engineering  and  physics.  Most  mod- 
ern products  or  processes  require  an  understanding  of  Joule  heating  techniques  either 
during  development  or  during  the  use  of  the  product  or  process  (e.g.,  automobiles,  plate 
glass  fabrication,  plastic  extrusion,  plastic  products,  houses, baked  potatoes,  ice  cream). 

note^  Heating  and  heat  transfer  concerns  have  existed  since  the  beginning  of 
prehistory.  There  have  been  many  contributors  to  our  present  understanding  of  the 
interaction  of  electric  currents  and  solids.  In  this  particular  area,  however,  two  scientists 
made  especially  notable  contributions:  Georg  Ohm6  and  James  Prescott  Joule.7  Ohm 
discovered  Ohm's  law:8 


V 

I  =  - 
R 


(6.1) 
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where 


/  =  current  in  amperes  (A) 

V  =  voltage  (electromotive  force)  in  volts  (V) 

R  =  resistance  in  ohms 


Joule  discovered  Joule's  law:9 


Q  =  I2Rt 


(6.2) 


where 


Q 


heat  generated  in  joules  (J) 
current  in  amperes  (A) 
resistance  in  ohms 
time  in  seconds  (S) 


/ 
R 


t 


The  first  example  presented  in  this  chapter,  the  resistive  heating  model,  explores 
the  2D  electro-thermal  interaction  modeling  of  Joule  heating  using  transient  analysis. 
The  model  is  solved  for  a  material  that  is  both  electrically  and  thermally  conductive. 
This  model  is  implemented  using  the  COMSOL®  Multiphysics®  Electro-Thermal 
Application  Mode. 

In  the  first  variation  on  the  resistive  heating  model,  the  new  model  is  built  to 
explore  a  common  configurational  change  and  is  solved  using  the  same  COMSOL 
Multiphysics  Application  Mode.  In  the  second  variation  on  this  model,  a  model  is  built 
that  incorporates  materials  modifications  in  addition  to  the  configurational  changes;  it 
is  solved  using  the  COMSOL  Multiphysics  AC/DC  Electro-Thermal  Application 
Mode.  The  second  variation  also  explores  the  influence  of  a  low-pressure  gas/vacuum 
environment  on  the  model's  properties.  The  calculated  modeling  results  are  then 
compared. 

The  second  example,  the  induced  heating  model,  explores  the  use  of  induced  AC 
eddy  currents  to  create  Joule  heating  in  a  2D  axisymmetric  model.  The  first  and  sec- 
ond variations  on  the  induced  heating  model  explore  the  effects  of  materials  and  para- 
metric changes. 

Heat  Conduction  Theory 

Heat  conduction  is  a  naturally  occurring  process  that  is  readily  observed  in  many 
aspects  of  modern  life  (e.g.,  refrigerators,  freezers,  microwave  ovens,  thermal  ovens, 
engines) .  The  heat  transfer  process  allows  both  linear  and  rotational  work  to  be  done 
in  the  generation  of  electricity  and  the  movement  of  vehicles.  The  initial  understand- 
ing of  transient  heat  transfer  was  developed  by  Newton10  and  started  with  Newton's 
law  of  cooling:11 


dQ 
dt 


=  h*A*{Ts  -  TE) 


(6.3) 
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where  — —  =  incremental  energy  lost  in  joules  per  unit  time  (J/s) 
at 

A  =  energy  transmission  surface  area  (m2) 
h  =  heat  transfer  coefficient  [W/(m2*K] 
rs  =  surface  temperature  of  the  object  losing  heat  (K) 
TE  =  temperature  of  the  environment  gaining  heat  (K) 

Subsequent  work  by  Jean  Baptiste  Joseph  Fourier,12  based  on  Newton's  law  of 
cooling,  developed  the  law  for  steady-state  heat  conduction  (known  as  Fourier's  law13). 
Fourier's  law  is  expressed  here  in  differential  form: 

q  =  -kVT  (6.4) 


where  q  =  heat  flux  in  watts  per  square  meter  (W/m2) 

k  =  thermal  conductivity  of  the  material  [W/(m*K] 
VT  =  temperature  gradient  (K/m) 


■  2D  Resistive  Heating  Modeling 

2D  Resistive  Heating  Model  

The  following  numerical  solution  model  (Resistive_Heating_l)  is  derived  from  a 
model  that  was  originally  developed  by  COMSOL  as  a  Multiphysics  demonstration 
model  for  distribution  with  the  Multiphysics  software  in  the  basic  Multiphysics  Model 
Library.  This  model  introduces  the  coupling  of  two  important  basic  Application 
Modes:  Joule  Heating  in  the  Conductive  Media  DC  Application  Mode  and  the  Heat 
Transfer  by  Conduction  Application  Mode.  The  coupling  of  these  two  modes  in  this 
model  demonstrates  the  interactions  normally  found  in  typical  engineering  materials. 

mote'^  It  is  important  for  the  new  modeler  to  personally  build  each  model  presented  in 
this  text.  There  is  no  substitute  in  the  path  to  understanding  of  the  modeling  process  for 
the  hands-on  experience  of  actually  building,  meshing,  solving,  and  postprocessing  a 
model.  Many  times  the  inexperienced  modeler  will  make  and  subsequently  correct 
errors,  there  by  adding  to  his  or  her  experience  and  fund  of  modeling  knowledge.  Even 
building  the  simplest  model  will  expand  the  modeler's  store  of  knowledge. 

Modeling  Joule  heating  is  important  in  a  wide  variety  of  physical  design  and 
applied  engineering  problems.  Typically,  the  modeler  desires  to  understand  Joule  heat 
generation  during  a  process  and  either  add  heat  or  remove  heat  to  achieve  or  maintain 
a  desired  temperature.  Figure  6.3  shows  a  3D  rendition  of  the  2D  resistive  heating 
geometry,  as  will  be  modeled  in  this  section. 
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Voltage 


Ground 


2D  x-y  Plane 

I  FIGURE  6.3  3D  rendition  of  the  2D  resistive  heating  model 


To  start  building  the  Resistive_Heating_l  model,  activate  the  COMSOL 
Multiphysics  software.  In  the  Model  Navigator,  select  "2D"  (default  setting)  from  the 
Space  dimension  pull-down  list.  Select  COMSOL  Multiphysics  >  Electro-Thermal 
Interaction  >  Joule  Heating  >  Transient  analysis.  See  Figure  6.4.  Click  OK. 


dodel  Navigator 


f  New      Model  Library      User  Models      Open  Settings 


Space  dimension:        '  2D 


►  L_|  Electromagnetics 

►  i_J  Fluid  Dynamics 

►  £3  Heat  Transfer 

►  i_j  Structural  Mechanics 

►  Q  PDE  Modes 

►  LJ  Deformed  Mesh 
▼  a  Electro-Thermal  Interaction 

▼  Q]  Joule  Heating 

Qj  Steady-state  analysis 

riiJi.iiuiJ.ni.miun 

►  i  |  Fluid-Thermal  Interaction 

►  £j  AC/DC  Module 

►  Q  Heat  Transfer  Module 


Dependent  variables: 


TV 


Application  mode  name:    ht  dc 

Element:  |  Lagrange  -Quadra.."^ 


Description: 


A  predefined  combination  of 
application  modes  for  Joule  heating 
(resistive  heating).  Combines 
Conductive  Media  DC  with  heat  transfer 
by  conduction  for  modeling  of 
electro-thermal  applications  such  as 
Joule  heating. 

Transient  analysis. 


Multiphysics 


f    Help    ^     f  Cancel  ^     (     OK  ^ 

I  FIGURE  6.4  2D  Resistive_HeatingJ  Model  Navigator  setup 
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I  Table  6.1     Constants  Edit  Window 


Name 

Expression 

Description 

r_Cu 

1 .754e-8[ohm*m] 

Resistivity  of  copper  at  T_ref 

T_ref 

20[degC] 

Reference  temperature 

alpha_Cu 

3.9e-3[1/K] 

Temperature  coefficient  copper 

v_o 

1  e-1  [V] 

Electric  potential  (voltage) 

T_air 

300[K] 

Air  temperature 

k_Cu 

3.94e2[W/(m*K)] 

Thermal  conductivity  copper 

rho_Cu 

8.96e3[kg/mA3] 

Density  copper 

Cp_Cu 

3.8e2[J/(kg*K)] 

Heat  capacity  copper 

Constants 

Using  the  menu  bar,  select  Options  >  Constants.  In  the  Constants  edit  window,  enter 
the  information  shown  in  Table  6.1;  also  see  Figure  6.5.  Click  OK. 

note'**'  When  building  a  model,  it  is  usually  best  to  consolidate  the  calculational 
parameters  (e.g.,  constants,  scalar  expressions)  in  a  small  number  of  appropriate, 
convenient  locations  (e.g.,  a  Constants  file,  a  Scalar  Expressions  file)  so  that  they  are 
easy  to  find  and  modify  as  needed.  Because  the  settings  in  the  Constants  and  Scalar 
Expressions  edit  windows  can  be  imported  and  exported  as  text  files,  the  appropriate 
text  file  can  be  modified  in  a  text  editor  and  then  reimported  into  the  correct  Constants 
or  Scalar  Expressions  edit  window. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  Enter  a  width  of 
1 .0  and  a  height  of  1 .0.  Select  "Base:  Center"  and  set  x  equal  to  0  and  y  equal  to  0  in 
the  Rectangle  edit  window.  See  Figure  6.6. 


ft  ~  o 

Constants 

Name 

Expression 

Value  Description 

r  Cu 

1.7S4e-8lohm*ml 

(1.754e-8KCl  ml   Resistivity  of  capper  at  T  ref  a] 

T_ref 

20|degC] 

293.15[K)            Reference  temperature 

alpha_Cu 

3.9e-3[l/K| 

0.003911/K]         Temperature  coefficient 

v_o 

lt-l[¥l 

0.1IV1                 Electric  potential  woltagei 

T_air 

300[K) 

300[KJ                   Air  temperature 

k_Cu 

3.94e2[W/lm-KII 

394IVWIm  Kl]       Thermal  conductivity  coooer 

rho_Cu 
Cp_Cu 

8.96e3[kg/mA3| 
3.6e2U/<kg'K>| 

8960|kg/m3]        Density  copper 
380U/<kg  K>]        Heat  capacity  copper 

es  a 

(     Help     )    (    Apply    )     (   Can«l   )           OK  ) 

I  FIGURE  6.5  2D  Resistive_Heating_1  model  Constants  edit  window 
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Size 


Width:  1.0 


Height:  1.0 


Position 


Rotation  angle 


a:  0 


Style: 


(    Help    )     (   Apply   )     (  Cancel  ) 


(degrees) 


I  FIGURE  6.6  2D  Resistive_Heating_1  model  Rectangle  edit  window 


Click  OK,  and  then  click  the  Zoom  Extents  button.  See  Figure  6.7. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Circle.  In  the  Circle  edit 
window,  enter  a  radius  of  0.1  and  a  base  of  "Center."  Set  x  equal  to  0  and  y  equal  to  0. 
See  Figure  6.8. 

Click  OK.  See  Figure  6.9. 


I  FIGURE  6.7  2D  Resistive_Heating_1  model  rectangle 
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Size 


Radius:  0.1 


Base:  Center 


Rotation  angle 


a:  0 


(degrees) 


Style:    '  Solid 


I  FIGURE  6.8  2D  Resistive_Heating_1  model  Circle  edit  window 


note^  The  rectangle  is  the  2D  representation  of  a  cube  in  cross  section.  The  circle  is 
added  to  the  2D  geometry  to  allow  the  creation  of  a  hole  through  the  cube,  as  shown  in 
Figure  6.3. 


Using  the  menu  bar,  select  Draw  >  Create  Composite  Object.  In  the  Set  formula 
edit  window,  enter  Rl-Cl.  See  Figure  6.10. 


I  FIGURE  6.9  2D  Resistive_Heating_1  model  rectangle  and  circle 
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@  Solids 
O  Curves 
O  Points 


Object  selection: 


( 

Union 

) 

( 

Intersection 

) 

( 

Select  All 

) 

Set  formula: 
Rl-Cl 


^  Keep  interior  boundaries 
0  Repair 


Repair  tolerance:  1.0E-4 


I  FIGURE  6.10  2D  Resistive_Heating_1  model  Create  Composite  Object  edit  window 


Click  OK.  See  Figure  6.11. 

This  model  introduces  the  coupling  of  two  basic  Application  Modes:  Joule 
Heating  in  the  Conductive  Media  DC  Application  Mode  and  the  Heat  Transfer  by 
Conduction  Application  Mode.  The  Physics  subdomain  and  boundary  settings  will 


I  FIGURE  6.11  2D  Resistive_Heating_1  model,  block  with  hole 
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Thermal  insulation 


300  K 


300  K 


Thermal  insulation  300  K 

I  FIGURE  6.12  2D  Resistive_Heating_1  model  boundary  conditions  overview 


need  to  be  specified  in  each  mode  separately.  Figure  6.12  shows  an  overview  of  the 
boundary  conditions  for  the  combination  of  both  modes. 

First,  however,  the  subdomain  settings  values  need  to  be  specified. 

Physics  Subdomain  Settings:  Heat  Transfer  by  Conduction  (ht) 

Having  established  the  geometry  for  the  2D  Resistive_Heating_l  model  of  a  block 
with  a  hole,  the  next  step  is  to  define  the  fundamental  Physics  conditions.  Using  the 
menu  bar,  select  Multiphysics  >  Heat  Transfer  by  Conduction  (ht). 

Using  the  menu  bar,  select  Physics  >  Subdomain  Settings.  Select  subdomain  1  in 
the  Subdomain  selection  window  (the  only  available  subdomain).  In  the  Subdomain 
edit  windows,  enter  the  information  shown  in  Table  6.2.  See  Figure  6.13. 


note^  For  transient  calculations,  all  of  the  physical  property  values  are  required 
for  the  conduction  calculation.  If  Cp  and  rho  are  set  to  zero,  the  implication  is  that 
the  material  is  a  perfect  vacuum,  which  is  logically  inconsistent  with  the  stated 
value  of  k. 


Select  the  Init  tab.  Enter  T_ref  in  the  Initial  value  edit  window.  See  Figure  6.14. 
Click  OK. 


Table  6.2     Subdomain  Edit  Window 


Name 

Expression 

Description 

k  (isotropic) 

k_Cu 

Thermal  conductivity 

P 

rho_Cu 

Density 

CP 

Cp_Cu 

Heat  capacity 
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c^pl^o  I  /at  -  V  •  ikV  1 1  -  u  +  tttMJ  I  „,- 1 1  +         1  mtMm'  -Ah  temperature 


!  Subdomains  Croups 
Subdomjin  selection 


Croup:  1  default 


□  Select  by  group 

*cth/e  in  this  domain 


1  Physics 


Element 


Thermal  properties  and  heat  sources/sinks 
Libniynuleiial    '  f 

Quantity 

fc 


♦3  k  (isotropic)  k.Cu 
O  k  (dnisutiuptc)     400  0  0  400 
P  rhr.  fu 


Unit  Description 

1  Time-scaling  rnettirient 

W/lmKJ     Thcm.1  conductivity 
Thermal  conductivity 
kO/m1  Density 


Cp.Cu 


0.rtr 


I  I  kg  K  HC((I  tllUlit)ly  tormjnl  pvttsUPI 
_  W/"t'        Heat  source 

W/lm3  K)   Convcctivc  heat  transfer  coefficient 

External  temperature 

User -defined  constant 
K  Ambient 


(    Help    )    (  Apply  )    (  Cancel  ) 

I  FIGURE  6.13  2D  Resistive_Heating_1  model  Subdomain  Settings  edit  window 


t^d  I  Idt  -  V  ■  IkV  1 1  -  O  t         1  „,- 1 1  +         1  mtMJ  -  I I  -  temperature 


!  Subdomains  Croups 
Subdomain  selection 


croup:  f  tfclault  k»j 

Q  Select  by  group 

Is/1  Active  in  this  domain 


T<VfTr7~ 


Physics 


 J 


(    Help    )    (  Apply  )    (  Cancel  ) 

I  FIGURE  6.14  2D  Resistive_Heating_1  model  Subdomain  Settings,  Init  edit  window 
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2D  Simple  Mixed-Mode  Modeling 
Boundary  Settings-Heat  Transfer  by  Conduction  (ht)  Edit  Window 


1,  4-8 

2,  3 


boundary  i 

Temperature 
Thermal  insulation 


T_air 


6.15 
6.16 


Physics  Boundary  Settings:  Heat  Transfer  by  Conduction  (ht) 

Using  the  menu  bar,  select  Physics  >  Boundary  Setting.  For  the  indicated  boundaries, 
select  or  enter  the  given  boundary  condition  and  value  as  shown  in  Table  6.3.  Click  OK. 
See  Figures  6.15  and  6.16. 

Physics  Subdomain  Settings:  Conductive  Media  DC  (dc) 

Using  the  menu  bar,  in  the  Model  Navigator  menu,  select  Multiphysics  > 
Conductive  Media  DC  (dc).  Using  the  menu  bar,  select  Physics  >  Subdomain 
Settings.  Select  subdomain  1  in  the  Subdomain  selection  window  (the  only  available 
subdomain).  Select  "Linear  temperature  relation"  from  the  Conductivity  relation 
pull-down  list.  In  the  Subdomain  edit  windows,  enter  the  information  as  shown  in 
Table  6.4.  See  Figure  6.17. 

note'^  At  this  point  in  the  model,  the  generation  of  heat  is  coupled  to  the  resistivity 
through  the  temperature  change. 


equation 
T-Tn 


Croups 


Boundary  selection 


□ 


Croup: 
^2  Select  by  group 
Interior  boundaries 


3 


Boundary  sources  and  constraints 


Boundary  condition:  [  Temperature 
Quantity  Value/Expression 

■<0  1) 


h 

Ti„f 
Const 

Tamb 


Color/Style 


Unit 

W/m2 


Description 

Inward  heat  flux 


W/(m2  K)  Heat  transfer  coefficient 
K  External  temperature 


W/(m   K  )  Problem-dependent  constant 
Ambient  temperature 

r 

Temperature 


I  FIGURE  6.15  2D  Resistive_Heating_1  model  Boundary  Settings  (1,  4-8)  edit  window 
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I  FIGURE  6.16  2D  Resistive_Heating_1  model  Boundary  Settings  (2,  3)  edit  window 

Select  the  Init  tab.  Enter  V_0*(1— x[l/m])  in  the  V(t0)  edit  window.  See  Figure 
6.18.  Click  OK. 


note^  The  initial  conditions  assume  a  linear  voltage  drop  across  the  body  of  the 
model.  This  is  reflected  in  the  initialization  equation  (V^)  =  V_0*(1  -x[l/m])). 


Physics  Boundary  Settings:  Conductive  Media  DC  (dc) 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  For  the  indicated  bound- 
aries, select  or  enter  the  given  boundary  condition  and  value  as  shown  in  Table  6.5. 
Click  OK.  See  Figures  6.19,  6.20,  and  6.21. 


Table  6.4     Subdomain  Settings-Conductive  Media  DC  (dc)  Edit  Window 


Name 

Expression 

Description 

Po 

r_Cu 

Resistivity  at  reference  temperature 

a 

alpha^Cu 

Temperature  coefficient 

T0 

Tjef 

Reference  temperature 
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Equation 


-7  ■  d(oW  -  Je)  =  dQjt  (J  =  l/(pfl(l  +  o(T  -  T0») 


Croups 


Subdomain  selection 


^2  Select  by  group 

(Vf  Active  in  this  domain 


Init      Element  Color 


Material  properties  and  sources 


Library  material: 
Quantity 

d 


r 


Value/Expression 

[5  |[5— 


Unit  Description 

A/m2  External  current  density 

A/m3  Current  source 

m  Thickness 


Conductivity  relation:  I  Linear  temperature  relation  t] 

O  m 


Resistivity  at  reference  temp. 
Temperature  coefficient 

K 

Temperature 
Reference  temperature 


(    Help    )    (   Apply  )    (  Cancel  ) 

I  FIGURE  6.17  2D  Resistive_Heating_1  model  Subdomain  Settings  edit  window 


-V-dtoW  -  J*)  =  dQj,  o  =  l/(p0tl  +  o(T  -T0»» 


!  Subdomains  Croups 
Subdomain  selection 


Croup:  ' 


^]  Select  by  group 

ffl  Active  in  this  domain 


J  Physics      Init  Element 


Initial  value 


V(V  v_0*(l-x[l/m]> 


Electric  potential 


(    Help    )    (  Apply  )    (  Cancel  ) 

I  FIGURE  6.18  2D  Resistive_Heating_1  model  Subdomain  Settings  Init  edit  window 
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Table  6.5     Boundary  Settings-Conductive  Media  DC  (dc)  Edit  Window 


Boundary  Condition 

Value/Expressi 

on         Figure  Number 

1 

Electric  potential 

v_o 

6.19 

2,  3,  5-8 

Electric  insulation 

6.20 

4 

Ground 

6.21 

I  FIGURE  6.19  2D  ResistiveJHeatingJ  model  Boundary  Settings  (1 )  edit  window 


Boundary  Settings    Conductive  Media  DC  (dc) 


Equation 


Color/Styie  l_ 


Boundary  sources  and  constraints 

Library  material. 


Boundary  condition:  I  Dectric  ,nsuiat,on  ^ 


I  FIGURE  6.20  2D  Resistive _Heating_1  model  Boundary  Settings  (2,  3,  5-8)  edit  window 
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I  FIGURE  6.21  2D  Resistive_Heating_1  model  Boundary  Settings  (4)  edit  window 


Figure  6.22  shows  the  2D  Resistive_Heating_l  model  with  all  the  boundary  settings. 
Mesh  Generation 

On  the  toolbar,  click  the  Initialize  Mesh  button  once.  Click  the  Refine  Mesh  button 
once.  This  results  in  a  mesh  of  approximately  4300  elements.  See  Figure  6.23. 


I  FIGURE  6.22  2D  Resistive_Heating_1  model  with  all  the  boundary  settings 
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I  FIGURE  6.23  2D  Resistive_Heating_1  model  mesh  window 
Solving  the  2D  Resistive_Heating_l  Model 

Using  the  menu  bar,  select  Solve  >  Solver  Parameters.  The  COMSOL  Multiphysics 
software  automatically  selects  the  Time  dependent  solver. 

note^  The  COMSOL  Multiphysics  software  automatically  selects  the  solver  best 
suited  for  the  particular  model  based  on  the  overall  evaluation  of  the  model.  The 
modeler  can,  of  course,  change  the  chosen  solver  and  the  parametric  settings.  It  is 
usually  best  to  try  the  selected  solver  and  default  settings  first  to  determine  how  well 
they  work.  Then,  once  the  model  has  been  run,  the  modeler  can  do  a  variation  on  the 
model  parameter  space  to  seek  improved  results. 

Enter  0:50:2000  in  the  Times  edit  window.  See  Figure  6.24.  Click  OK. 

Time-Dependent  Solving  of  the  2D  Resistive_Heating_l  Model 

Select  Solve  >  Solve  Problem.  See  Figure  6.25. 

Postprocessing  and  Visualization 

The  default  plot  shows  the  temperature  distribution  in  Kelvin.  The  temperature  distri- 
bution can  also  be  shown  in  degrees  Centigrade.  To  do  so,  select  Postprocessing  >  Plot 
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Analysis: 


M  Auto 
Solver: 


Statin  nary 


Eigenvalue 


Sidliuiidi v  icyitytiLcd 
Parametric  segregated 


^2  Adaptive  mesh  refinement 


Time  Stepping  Advanced 


Time  stepping 
Times: 

Relative  tolerance: 
Absolute  tolerance: 
Q  Allow  complex  numbers 


Linear  system  solver  — 

Linear  system  solver:  '  mrect  lUMl-KALiU  ^ 

Preconditioner  t\ 


f   Settings...  ^ 


f    Help    3    (  Apply  )    f  Cancel  ) 


I  FIGURE  6.24  2D  Resistive_Heating_1  model  Solver  Parameters  edit  window 


ID  .73*.  -0.41*1 


I  FIGURE  6.25  2D  Resistive_Heating_1  model  solution 
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General  Surface  Contour  Boundary  Arrow  Principal  M 


Ml  Surface  plot 


Surf, 


Height  Data 


Predefined  quantities:  1  Temperature 
Expression: 
Unit: 


3    (  Range...  ) 
M  Smooth 


Coloring  and  fill 


Coloring:       [  Interpolated  Fill  style:       (  Filled 


@  Colormap:  jet 


Colors:  ;  1024        M  Color  scale 


O  Uniform  color:     (  Color...  ) 


(    Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  6.26  2D  Resistive_Heating_1  model  Plot  Parameters  edit  window 


Parameters  >  Surface.  Verify  that  the  Surface  plot  check  box  is  checked  and  that  the 
Predefined  quantities  pulldown  list  shows  "Temperature."  Select  "degC"  or  "°C"  from 
the  Unit  pull-down  list.  See  Figure  6.26. 
Click  OK.  See  Figure  6.27. 

It  is  relatively  simple  to  demonstrate  the  heat  flux.  Select  Postprocessing  >  Plot 
Parameters  >  Arrow.  Check  the  Arrow  plot  check  box.  Select  Heat  Transfer  by 
Conduction  (ht)  >  Heat  flux  from  the  Predefined  quantities  pull-down  list.  Click  the 
Color  button  and  select  a  color  such  as  "black."  Click  OK.  See  Figure  6.28. 

Click  OK.  See  Figure  6.29. 

Next,  because  this  is  a  transient  analysis  model,  the  modeler  can  test  how  close  the 
solution  is  to  the  steady-state  value.  Select  Postprocessing  >  Cross-Section  Plot  Parameters 
>  General  >  Point  plot.  Verify  that  all  of  the  Solutions  to  use  are  selected.  See  Figure  6.30. 
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I  FIGURE  6.27  2D  Resistive_Heating_1  model,  degrees  Centigrade 


Gener  al  Surface  Contour  Boundary  Arrow  Principal       ►  \ 


M  Arrow  plot 

i 


Plot  arrum  on.  Subdomams 


a 


Boundary  Data 


Predefined  yu-i.i.l.ev  1  Henftux 

*  component:  nuxx_ht 
V  component 

use 


(luxY_ht 


'  W/m2 


Arrow  positioning 


x  points.  ©  15 
v  points:  S  [l» 
Airww  udrjuieleis 


Number  of  polnis  vector  with  coordinates 

n  o 


Anuwlypv        '   Arrow  Suhr  Idilui     M  Amu  1 


Arrow  length     '  Proportional   l+j       (   Color...  ) 


(    Htlp    )    (   Apply  )    (  ClficH  )  B»  ) 

I  FIGURE  6.28  2D  Resistive_Heating_1  model,  Plot  Parameters,  Arrow  edit  window 
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•  »Bl..-\A.*4  =  a«/0*S,»it-#*l«inO»T 


I  FIGURE  6.29  2D  Resistive_Heating_1  model,  temperature  and  heat  flux 


_^  Cross-Section  Plot  Parameters 


Line/rjuiusiun  Puim 


Plot  tvpe 

O  Line/Extrusion  plot  ©  Point  plot 
Solutions  to  use 


Select  via: 


Solution  at  angle  (phase): 
jo  degrees 


Plot  in:  1  New  figure  Keep  current  plot 

M  Display  cross  section  in  main  axes      (  Color. 

(  Title/Axis...  ) 


I  FIGURE  6.30  2D  Resistive_Heating_1  model,  Cross-Section  Plot  Parameters,  General  edit  window 
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1  General  Line/Extrusion 


@  Point  plot 
y-axis  data 


Predefined  quantities:  [  Temperature 
Expression: 
Unit: 


Coordinates 


x:  0 


y:  0.4 


x-axis  data 


0  Auto 

O     (  Expression,.,  ) 


(  Line  Settings...  "~) 


(    Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  6.31  2D  Resistive_Heating_1  model,  Cross-Section  Plot  Parameters,  Point  edit  window 


Click  the  Point  tab.  Select  "°C"  from  the  Unit  pull-down  list.  Enter  x  =  0,  y  = 
0.4  in  the  Coordinates  edit  windows.  See  Figure  6.31. 

Click  OK.  Figure  6.32  shows  the  temperature  versus  time  plot  for  the  point 
x  =  0,  y  =  0.4.  It  is  easily  seen  that  the  temperature  is  close  to  the  steady-state 
value  (the  curve  approaches  the  horizontal,  small  AT)  at  the  end  of  the  modeling 
calculation. 


Postprocessing  Animation 

Select  Postprocessing  >  Plot  Parameters  >  Animate.  Select  or  verify  that  all  of  the 
solutions  in  the  Solutions  to  use  window  are  selected.  See  Figure  6.33. 
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Click  the  Start  Animation  button.  See  Figure  6.34. 

Alternatively,  you  can  play  the  file  Movie6_RH_l  .avi  that  was  supplied  with  this 
book. 

First  Variation  on  the  2D  Resistive  Heating  Model 

The  following  numerical  solution  model  (Resistive_Heating_2)  is  derived  from  the 
model  Resistive_Heating_l .  In  this  model,  geometric  and  materials  composition 
changes  are  introduced,  such  as  might  be  used  in  a  general  industrial  application.  It  is 
a  multielement  heating  unit  with  Nichrome  (a  nickel-chromium  alloy)  heating  bars 
and  copper  connecting  bars. 

note^  The  Resistive_Heating_2  model  demonstrates  materials  and  a  configuration  as 
might  be  employed  in  heat  sealers,  soldering  heads,  packaging  equipment,  and  printed 
circuit  board  processing  equipment. 
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Principal 


Streamline 


Plot  Parameters 

Particle  Tracing 


Max/Min 


Deform 


Movie  settings 
File  type: 
Width  (in  pixels): 
Height  (in  pixels): 
Frames  per  second: 


AVI 


640 


Advanced... 


Static  /  Eigenfunction  animation 


Cycle  type 


Number  of  frames:  11 


rullharmomc  T) 


[~]  Reverse  direction 

^  Use  camera  settings  from  main  window 


Solutions  to  use — 

Select  via:  '  Stored  output  times 


Times 


C 


Start  Animation 


(    Help    )    (   Apply   )    (  Cancel  ) 

I  FIGURE  6.33  2D  Resistive_Heating_1  model,  Plot  Parameters  window 


Modeling  Joule  heating  is  important  in  a  wide  variety  of  physical  design  and 
applied  engineering  problems.  Typically,  the  modeler  desires  to  understand  Joule  heat 
generation  during  a  process  and  either  add  heat  or  remove  heat  so  as  to  achieve  or 
maintain  a  desired  temperature.  Figure  6.35  shows  a  3D  rendition  of  the  2D  resistive 
heating  geometry,  as  will  be  modeled  here. 

To  start  building  the  Resistive_Heating_2  model,  activate  the  COMSOL 
Multiphysics  software.  In  the  Model  Navigator,  select  "2D"  (the  default  setting)  from 
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I  FIGURE  6.34  2D  Resistive_Heating_1  model  animation,  final  frame 

the  Space  dimension  pull-down  list.  Select  COMSOL  Multiphysics  >  Electro-Thermal 
Interaction  >  Joule  Heating  >  Transient  analysis.  See  Figure  6.36.  Click  OK. 

Constants 

Using  the  menu  bar,  select  Options  >  Constants.  In  the  Constants  edit  window,  enter 
the  information  shown  in  Table  6.6;  see  also  Figure  6.37.  Click  OK. 

NiCr  Heating  Bars 


t 

/ 

/ 

Cu 

Connecting 
Bars 


I  FIGURE  6.35  3D  rendition  of  the  2D  Resistive_Heating_2  model  (not  to  scale) 
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New      Model  Library      User  Models      Open  Settings 


Space  dimension 


2D 


►  l_J  Structural  Mechanics 

►  QPDE  Modes 

►  Q  Deformed  Mesh 

T  H|  Electro-Thermal  Interaction 
▼  [j  Joule  Heating 

jj  Steady-state  analysis 

"  HWHH1IW.HWH 

►  Qj  Fluid-Thermal  Interaction 

►  Q  AC/DC  Module 

Heat  Transfer  Module 

►  Qj  MEMS  Module 

►  C~]  RF  Module 

►  ^  Structural  Mechanics  Module 


Dependent  variables: 
Application  mode  name:    ht  dc 

Element:  Lagrange    Quadra       t  ' 


Description: 


A  predefined  combination  of 
application  modes  for  Joule  heating 
(resistive  heating).  Combines 
Conductive  Media  DC  with  heat  transfer 
by  conduction  for  modeling  of 
electro-thermal  applications  such  as 
Joule  heating. 

Transient  analysis. 


Multiphysics 


I  FIGURE  6.36  2D  Resistive_Heating_2  Model  Navigator  setup 


Table  6.6     Constants  Edit  Window 


v_o 

1  [V] 

Electric  potential  (voltage) 

Tjef 

20[degC] 

Reference  temperature 

T_air 

300[K] 

Air  temperature 

r_Cu 

1.754e-8[ohm*m] 

Resistivity  Cu  at  T_0 

alpha_Cu 

3.9e-3[1/K] 

Temperature  coefficient  Cu 

k^Cu 

3.94e2[W/(m*K)] 

Thermal  conductivity  Cu 

rho_Cu 

8.96e3[kg/mA3] 

Density  Cu 

Cp_Cu 

3.8e2[J/(kg*K)] 

Heat  capacity  Cu 

r_NiCr 

1.08e-6[ohm*m] 

Resistivity  NiCr  at  T_0 

alpha_NiCr 

1.7e-3[1/K] 

Temperature  coefficient  NiCr 

k_NiCr 

1.13e1[W/(m*K)] 

Thermal  conductivity  NiCr 

rho_NiCr 

8.4e3[kg/mA3] 

Density  NiCr 

Cp.NiCr 

4.5e2[J/(kg*K)] 

Heat  capacity  NiCr 
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ft  "  O  Constants 

Name  

tx  pres  s  ion 

V  a  1  u  e                            De  s  c  r  i  p  1 1  o  n 

1 

V  0 

Ivi 
ie  i|vj 

0.1[V]                          Electric  potential  (voltage)  a 

11 

T  ref 

i '.  

1  r  1  L"                                     Q afar pnr p  tpmnnnhirc 
*-  -  —  ■  i  j  |  r\                                r\cicrcrn.c  lcrii|Jcl  dLUi  c 

T  air 

is  1 1  m  K 

sfinlk'                                            Air  tamnorirnrs 
JUU|\J                                    Mir  temper  dlUI  c 

r  Cu 

1.754e-8[ohm*m) 

3.9e-3[  1/K] 

fl  nniQll  /Kl                       Tpmnpnturp  rnpffiripnf  (~n 

k  Cu 

3.94e2[W/(m*K)] 

JJ*tl1l¥/lIII    iM  J                               1  1  1  L  1  1  T 1  U  1  L  U  IIUULU'i  11)  Vll 

rho  Cu 

8.96e3[kg/mM) 

ftqfinli(n/m3l                Density  Cu 

Cp_Cu 

3.8e2U/(kg*K>] 

380[J/(kg  K)|                Heat  capacity  Cu 

r_NiCr 

1.08e-6[ohm*m] 

(1.08e-6)|n  m|             Resistivity  NiCr  atT_0 

alpha_NiCr 

I.7e-3|1/K] 

0.00171 Temperature  coefficient  NiCr 

k_NiCr 

1.13el[W/(m'K>] 

11.3[W/(m  K»             Thermal  conductivity  NiCr  1 

rho_NiCr 

8.4e3[kg/mA3] 

8400[kg/m3]               Density  NiCr 

Cp.NiCr 

4.5e2U/(kg*K>] 

450U/<kgK)]                Heat  capacity  NiCr 

I  FIGURE  6.37  2D  Resistive_Heating_2  model  Constants  edit  window 


note^  In  building  this  model,  the  calculational  parameters  (e.g.,  constants,  scalar 
expressions)  have  been  consolidated  into  a  convenient  location  (e.g.,  a  Constants  file,  a 
Scalar  Expressions  file)  so  that  they  are  easy  to  find  and  modify  as  needed.  Because  the 
settings  in  Constants  and  Scalar  Expressions  edit  windows  can  be  imported  and  exported 
as  text  files,  the  appropriate  text  file  can  be  modified  in  a  text  editor  and  then  reimported 
into  the  correct  Constants  or  Scalar  Expressions  edit  window. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  Create  each  of 
the  rectangles  indicated  in  Table  6.7.  See  Figure  6.38. 

Using  the  menu  bar,  select  Draw  >  Create  Composite  Object.  Enter:  R1+R7  + 
R8-R2-R3-R4-R5-R6.  See  Figure  6.39. 


Table  6.7     Rectangle  Edit  Window 


1 

1.0 

1.1 

Center 

0 

0 

2 

0.9 

0.1 

Corner 

-0.45 

0.35 

3 

0.9 

0.1 

Corner 

-0.45 

0.15 

4 

0.9 

0.1 

Corner 

-0.45 

-0.05 

5 

0.9 

0.1 

Corner 

-0.45 

-0.25 

6 

0.9 

0.1 

Corner 

-0.45 

-0.45 

7 

0.05 

1.1 

Corner 

-0.50 

-0.55 

8 

0.05 

1.1 

Corner 

-0.45 

-0.55 
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I  FIGURE  6.38  2D  Resistive_Heating_2  model  created  rectangles 

Click  OK,  and  then  click  the  Zoom  Extents  button.  See  Figure  6.40. 


note^  In  building  this  model,  the  same  geometry  has  been  built  that  will  be  used  in 
the  next  model.  To  save  the  modeler  some  time,  select  File  >  Export  >  Geometry  Objects 
to  File.  Enter  RH2_Geometry  in  the  Save  As  edit  window.  Click  the  Save  button. 


Object  type 
M  solids 

CUIVOi 

O  Points 


Object  selection: 


Shortcuts 


( 

Union 

) 

( 

Intersection 

( 

Select  All 

) 

(  Cancel~) 

C  A°"'v  ) 

Set  formula: 
R1  +  R7+R8-R2-R3-R4-R5-R6  j 

Keep  interior  boundaries 
□  Repair 

*    I  Repair  tolerance:  1.0E-4 


I  FIGURE  6.39  2D  Resistive_Heating_2  model  Create  Composite  Object  edit  window 
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I  FIGURE  6.40  2D  Resistive_Heating_2  model  heater  bar  assembly 


This  model  introduces  the  coupling  of  two  basic  Application  Modes:  Joule 
Heating  in  the  Conductive  Media  DC  Application  Mode  and  the  Heat  Transfer  by 
Conduction  Application  Mode.  The  Physics  subdomain  and  boundary  settings  will 
need  to  be  specified  in  each  mode  separately.  Figure  6.41  shows  an  overview  of  the 
boundary  conditions  for  the  combination  of  both  modes. 

First,  however,  the  subdomain  settings  values  need  to  be  specified. 


I  FIGURE  6.41  2D  Resistive_Heating_2  model  boundary  conditions  overview  (not  to  scale) 
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Table  6.8     Subdomain  Settings  Edit  Window 


Expression 

Description 

1.  8 

k  (isotropic) 

k_Cu 

Thermal  conductivity 

P 

rho_Cu 

Density 

CP 

Cp_Cu 

Heat  capacity 

Physics  Subdomain  Settings:  Heat  Transfer  by  Conduction  (ht) 

Having  established  the  geometry  for  the  2D  Resistive_Heating_2  model  of  a  heater 
bar  assembly,  the  next  step  is  to  define  the  fundamental  Physics  conditions.  Using  the 
menu  bar,  select  Multiphysics  >  Heat  Transfer  by  Conduction  (ht).  Using  the  menu 
bar,  select  Physics  >  Subdomain  Settings.  In  the  Subdomain  edit  windows,  enter  the 
information  shown  in  Table  6.8.  Click  the  Apply  button.  See  Figure  6.42. 

In  the  Subdomain  edit  windows,  enter  the  information  shown  in  Table  6.9.  Click 
the  Apply  button.  See  Figure  6.43. 


I  FIGURE  6.42  2D  Resistive_Heating_2  model  Subdomain  Settings  (1,8)  edit  window 
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Table  6.9     Subdomain  Settings  Edit  Window 


Subdomain  f 

Jumber  Name 

Expression 

2-7 

k  (isotropic) 

k_NiCr 

Thermal  conductivity 

P 

rho_NiCr 

Density 

CP 

Cp_NiCr 

Heat  capacity 

note^  For  transient  calculations,  all  of  the  physical  property  values  are  required  for 
the  conduction  calculation.  In  this  case,  the  properties  of  both  copper  (Cu)  and 
Nichrome  (NiCr)  are  required. 

Select  the  Init  tab.  Select  subdomains  1-8.  Enter  T_ref  in  the  Initial  value  edit 
window.  See  Figure  6.44.  Click  OK. 

Physics  Boundary  Settings:  Heat  Transfer  by  Conduction  (ht) 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  For  the  indicated  boundaries, 
select  or  enter  the  given  boundary  condition  and  value  as  shown  in  Table  6.10.  See 
Figures  6.45  and  6.46. 


Vc^t/ji  -  v  ■  (kvn  -  o  ♦  h„„fr„rTl  «  C„jrTm 


-tVt- 


Subdomain  selection 


Group:  default 


fj  Select  by  yiuup 
Wl  Active  in  Mm 


Thermal  properties  and  heat  sources/sinks 


library  material  C 

Quantity 


0  k  lijouopkl  k_Nlcr 
O  k  Unilotropfc)     400  0  0 


3  r^D 


Tiiw-^raling  fooltif  ifnt 
Thermal  conduciiv.iv 
The.  null  lunduUMty 


Q 

htrans 


Cp.NiCr 


Unit 
1 

W/lm  Q 
w/lm  K) 
kg/m1 

J/(kg  K)     Hm,  capacity  at  e0ns(3nt  pressure 
W/rnl        Hiat  source 
w/(mJ  K)  eonvecttve  heat  transfer  coefficient 
• 


External  temperature 
W/lm1  K4)  User-defined  constant 
Ambient  temperature 


(_HdpJ    (_ApplyJ    (  Cancel  ) 

I  FIGURE  6.43  2D  Resistive_Heating_2  model  Subdomain  Settings  (2-7)  edit  window 
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I  FIGURE  6.44  2D  Resistive_Heating_2  model  Subdomain  Settings,  Init  edit  window 

Click  OK.  Figure  6.47  shows  the  final  combined  Heat  Transfer  by  Conduction 
(ht)  boundary  settings. 

Physics  Subdomain  Settings:  Conductive  Media  DC  (dc) 

Using  the  menu  bar,  select  Multiphysics  >  Conductive  Media  DC  (dc).  Using  the  menu 
bar,  select  Physics  >  Subdomain  Settings.  Select  Subdomains  1-8  in  the  Subdomain 


Table  6.10     Boundary  Settings-Heat  Transfer  by  Conduction  (ht)  Edit  Window 


Boundary 

Boundary 

Value/ 

Click  Appl 

Figure 

1,  40 

2,  3,  5-7, 
9-11,  13-15, 
17-19,  21-23, 
25,  26,  28,  29, 
31,  33,  35,  37,  39 

Temperature 
Thermal  insulation 

T_air 

Yes 
Yes 

6.45 
6.46 
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Equation 
T-T„ 


Croups 


Bom 


3.3 


Croup: 


^  Select  by  group 
Interior  boundaries 


Color/Style 


Boundary  sources  and  constraints 


Boundary  condition:   f  Temperature 
Quantity  Value/Expression 

"o  ~0 

h  IT- 


•m 

Const 


T_air 


n 

Unit  Description 

W/m2        Inward  heat  flux 

W/{m2  K)    Heat  transfer  coefficient 

External  temperature 

W/(m2  K4)  problem-dependent  constant 
u 

Ambient  temperature 

tt 

Temperature 


(    Help    )    (   Apply  )    (  Cancel  ) 

I  FIGURE  6.45  2D  Resistive_Heating_2  model  Boundary  Settings  (1,  40)  edit  window 


Equation 
n-(kVT)  =  0 


Croups  1 


Croup: 


^  Select  by  group 
^2  Interior  boundaries 


r/Style  V- 


Boundary  sources  and  constraints 
Boundary  condition 


Thermal  insulation 


D 


Quantity 


Const 


Value/Expression 


Unit 

W/m2 


Description 

Inward  heat  flux 
W/(m2  K)    Heat  transfer  coefficient 

External  temperature 
W/tm2  K4>  Problem-dependent  constant 
Ambient  temperature 

K 

Temperature 


(    Help    )    Q  Apply  )    (  Cancel  ) 

I  FIGURE  6.46  2D  Resistive_Heating_2  model  Boundary  Settings  (2,  3  - .  ■)  edit  window 
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I  FIGURE  6.47  2D  Resistive_Heating_2  model  Combined  Heat  Transfer  by  Conduction  (ht)  boundary  settings 

selection  window  (all  of  the  subdomains).  Enter  0.01  in  the  Thickness  (d)  edit  window. 
Select  "Linear  temperature  relation"  from  the  Conductivity  relation  pull-down  list. 
Click  the  Apply  button. 

In  the  Subdomain  edit  windows,  enter  the  information  shown  in  Table  6.11 .  Click 
the  Apply  button.  See  Figure  6.48. 

In  the  Subdomain  edit  windows,  enter  the  information  shown  in  Table  6.12.  Click 
the  Apply  button.  See  Figure  6.49. 

note^  At  this  point  in  the  model ,  the  generation  of  heat  is  coupled  to  the  resistivity  in 
each  different  material  (Cu,  NiCr)  through  the  temperature  change. 


Table  6.11     Subdomain  Settings-Conductive  Media  DC  (dc)  Edit  Window 


Expression  Description 

r_Cu  Resistivity  at  reference  temperature 

alpha_Cu  Temperature  coefficient 

T_ref  Reference  temperature 
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Equation 

-7  ■  d(oW  -  j'1  =  dGv  o-  =  l/(p„(l  +  J(T  -  T.»> 


Croups 


Subdomain  selection 


2  (default) 

3  (default) 

4  (default) 

5  (default) 

6  (default) 

7  (default) 


Croup: 
^  Select  by  group 
M  Active  in  this  domain 


N'atena  properties  rind  sources 


Library  material: 

Quantity 
J' 

a. 


~B    (  Load...  ) 


Value/Expression 


1° 
0.01 


Unit  Description 

A/m2  External  current  density 

A/m3  Current  source 

m  Thickness 


Conductivity  relation:  r  Une„  temperature  relation  <:) 
P0  n  m 


Resistivity  at  reference  temp. 
Temperature  coefficient 
Temperature 
Reference  temperature 


(    Help    )    (   Apply  )    (  Cancel  ) 

I  FIGURE  6.48   2D  Resistive_Heating_2  model  Subdomain  Settings  (1,  8)  edit  window 


Equation 

-V  •  d(oW  -  j6)  =  dQj,  o-  =  l/(p0(  1  +a{T- T0))) 


Subdomains  Croups 


Subdomain  selection 


Select  by  group 
M  Active  in  this  domain 


Material  properties  and  sources 
Library  material:  ' 


*4  (  Load-  ) 

Value/Expression  Unit 


Description 


A/m      External  current  density 
A/m3     Current  source 
m  Thickness 


Resistivity  at  reference  temp. 
Temperature  coefficient 
Temperature 
Reference  temperature 


(    Help    )    (   Apply  )    (  Cancel  ) 

I  FIGURE  6.49   2D  Resistive_Heating_2  model  Subdomain  Settings  (2-7)  edit  window 
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I  Table  6.12    Subdomain  Settings-Conductive  Media  DC  (dc)  Edit  Window 


Subdomain  Number      Name      Expression  Description 

2-7 

Po 

r_NiCr 

Resistivity  at  reference  temperature 

a 

alpha_NiCr 

Temperature  coefficient 

T0 

T_ref 

Reference  temperature 

Select  the  Init  tab.  Select  subdomains  1-8  in  the  Subdomain  selection  window  (all 
of  the  subdomains).  Enter  V_0*(1  -  x[l/m])  in  the  VOq)  edit  window.  See  Figure  6.50. 
Click  OK. 


not^^"  The  initial  conditions  assume  a  linear  voltage  drop  across  the  body  of  the 
model.  This  is  reflected  in  the  initialization  equation  (V(t0)  =  V_0*(1  -  x[l/m])). 

Physics  Boundary  Settings:  Conductive  Media  DC  (dc) 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  For  the  indicated  boundaries, 
select  or  enter  the  given  boundary  condition  and  value  as  shown  in  Table  6.13.  See 
Figures  6.51,  6.52,  and  6.53. 


Subdomain  Settings  -  Conductive  Media  DC  (dc) 


Equation 

-V  d(aW  -  J«l  «  dQj.  a  -  l/(p0<l  +  ortT  -  T„))) 


Groups 


Subdomain  selection 


rj2  Select  by  group 

M  Active  in  this  domain 


1  Physics      Init      Element      Color  L 


V  Electric  potential 


I  FIGURE  6.50   2D  Resistive_Heating_2  model  Subdomain  Settings,  Init  edit  window 
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Roi  inHarv 
uuui  I  Li  ci  I  y 

Valiip/ 

Fifii  irp 
riyuic 

Boundary 

Condition 

ExDression 

Number 

1 

Electric  potential 

v_o 

6.51 

2,  3,  5-7, 

Electric  insulation 

6.52 

9-11,  13-15, 

17-19,  21-23, 

25,  26,  28,  29, 

31,  33,  35,  37,  39 

40 

Ground 

6.53 

Foliation 


f  Boundary  Croups 
Boundary  selection  


Color /Style  i_ 


Croup: 
Q  Stttct  by  group 
□  Interior  boundaries 


Boundary  sources  an 

d  constraints 

1  Ihrary  nutrml  1 

H 

( 

Boundary  condition: 

1   Electric  potentia 

Quantity 

Value /Express!  on 

Unit 

V_0 

Ekuiiiuuuaukl 


I  FIGURE  6.51  2D  Resistive_Heating_2  model  Boundary  Settings  (1 )  edit  window 


nJ-0 


Boundary  sources  and  constraints 

I  Ihrafy  material  I  


e  r 


Lolor  Style  t_ 


7]    (  I  ma  ) 


(    mlp    )    (   Apply  )    (  Camel  ) 


I  FIGURE  6.52  2D  Resistive_Heating_2  model  Boundary  Settings  (2,  3,  5-8 . . .)  edit  window 
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I  FIGURE  6.53  2D  Resistive_Heating_2  model  Boundary  Settings  (40)  edit  window 

Click  OK.  Figure  6.54  shows  the  2D  Resistive_Heating_2  model  with  all  the 
boundary  settings. 

Mesh  Generation 

On  the  toolbar,  click  the  Initialize  Mesh  button  once.  Click  the  Refine  Mesh  button 
once.  This  results  in  a  mesh  of  approximately  2200  elements.  See  Figure  6.55. 


: 


I  FIGURE  6.54  2D  Resistive_Heating_2  model  with  all  the  boundary  settings 
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I  FIGURE  6.55  2D  Resistive_Heating_2  model  mesh  window 
Solving  the  2D  Resistive_Heating_2  Model 

Using  the  menu  bar,  select  Solve  >  Solver  Parameters.  The  COMSOL  Multiphysics 
software  automatically  selects  the  Time  dependent  solver. 

note'^  The  COMSOL  Multiphysics  software  automatically  selects  the  solver  best 
suited  for  the  particular  model  based  on  the  overall  evaluation  of  the  model.  The 
modeler  can,  of  course,  change  the  chosen  solver  and  the  parametric  settings.  It  is 
usually  best  to  try  the  selected  solver  and  default  settings  first  to  determine  how  well 
they  work.  Then,  once  the  model  has  been  run,  the  modeler  can  do  a  variation  on  the 
model  parameter  space  to  seek  improved  results. 

Enter  0:50:2000  in  the  Times  edit  window.  See  Figure  6.56.  Click  OK. 

Time-Dependent  Solving  of  the  2D  Resistive_Heating_2  Model 

Select  Solve  >  Solve  Problem.  See  Figure  6.57. 

Postprocessing  and  Visualization 

The  default  plot  shows  the  temperature  distribution  in  kelvins.  The  temperature  distri- 
bution can  also  be  shown  in  degrees  Centigrade.  To  do  so,  select  Postprocessing  >  Plot 
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Eigenvalue 
Pdidriielrit 

Stationary  segregated 
Parametric  segregated 


P  Adaptive  mesh  refinement 


Time  Stepping  Advanced 


nme  stepping 

Times: 

Rclatrvc  tolerance 
Absolute  tolerance 

Allow  complex  numbers 


Linear  system  solver 
t  (Rffar  system  snlv*r 

Pr^rnnditlnnitr 


Matrix  symmetry: 


3 


(  Stains-  ) 


I  FIGURE  6.56  2D  Resistive_Heating_2  model  Solver  Parameters  edit  window 


(-0.S73.  -0.(24)  |       I       [EQUAL  SNAP 

I  FIGURE  6.57  2D  Resistive_Heating_2  model  solution 
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Plot  Parameters 


General  Surface  Contour  Boundary  Arrow  Principal  ► 


M  Surface  plot 


Height  Data 


Predefined  quantities:  1  Temperature 
Expression:  T 
Unit  I  °C 


(■♦H    (  Range...  ") 
M  smooth 


coloring  and  fill 


Coloring:       1  Interpolated      14^        Fill  style: 


@  Colormap:  [  j€t  ^   Colors:    1024        M  Color  scale 

O  Uniform  color:     f  Color  -  ")  I 


(     Help     )     (    Apply   )     (  Cancel  ) 


I  FIGURE  6.58  2D  Resistive_Heating_2  model  Plot  Parameters  edit  window 


Parameters  >  Surface.  Verify  that  the  Surface  plot  check  box  is  checked  and  that  the 
Predefined  quantities  pull-down  list  shows  "Temperature."  Select  "degC"  or  "°C"  from 
the  Unit  pull-down  list.  See  Figure  6.58. 
Click  OK.  See  Figure  6.59. 

Next,  because  this  is  a  transient  analysis  model,  the  modeler  can  test  how  close 
the  solution  is  to  the  steady-state  value.  Select  Postprocessing  >  Cross-Section  Plot 
Parameters  >  General  >  Point  plot.  Verify  that  all  of  the  Solutions  to  use  are  selected. 
See  Figure  6.60. 

Click  the  Point  tab.  Enter  x  =  0,  y  =  0.1  in  the  Coordinates  edit  windows.  See 
Figure  6.61. 

Click  OK.  Figure  6.62  shows  the  temperature  versus  time  plot  for  the  point 
x  =  0,v  =  0.1.Itis  easily  seen  that  the  temperature  is  not  close  to  the  steady- state  value 
(the  curve  is  still  rising,  an  almost  linear  AT)  at  the  end  of  the  modeling  calculation. 
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I  FIGURE  6.59  2D  Resistive_Heating_2  model,  degrees  centigrade 


Lilic/EjUfusiuH       Puiril  l- 


Plot  type 


O  Line/Extrusion  plot     0  Point  plot 


Solutions  to  use 

Solution  at  anole  (ohasel: 
Select  via:  I  Stored  output  times  jjj^      —  d«gr«es 


Plot  in:  1  New  figure  -4^    ^  Keep  current  plot 
M  Display  cross  section  in  main  axes      (   Color. .7^) 

(  Title/Axis...  ) 


(     H«lp     )     (    Apply    )     (  Cancel  ) 


I  FIGURE  6.60  2D  Resistive_Heating_2  model,  Cross-Section  Plot  Parameters,  General  edit  window 
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ss-Section  Plot  Parameters 


Genetiil       Line/EMI  uMun  Puiril 


r 


@  Point  plot 
axis  data 


Expression: 
Unit 


 * 

It 

1  K 

H 

y:  0.1 


@  Auto 

O    (  txprcsston-  ) 


I  FIGURE  6.61  2D  Resistive_Heating_2  model,  Cross-Section  Plot  Parameters,  Point  edit  window 


I  FIGURE  6.62  2D  Resistive_Heating_2  model,  temperature  versus  time  at  x  =  0,  y  =  0.1 
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Postprocessing  Animation 

Select  Postprocessing  >  Plot  Parameters  >  Animate.  Select  or  verify  that  all  of  the 
solutions  in  the  Solutions  to  use  window  are  selected.  See  Figure  6.63. 
Click  the  Start  Animation  button.  See  Figure  6.64. 

Alternatively,  you  can  play  the  file  Movie6_RH_2.avi  that  was  supplied  with  this 
book. 

Second  Variation  on  the  2D  Resistive  Heating  Model,  Including 

Alumina  Isolation  

The  following  numerical  solution  model  (Resistive_Heating_3)  is  derived  from  the 
model  Resistive_Heating_2.  In  this  model,  geometric  and  materials  composition 
changes  are  introduced,  such  as  might  be  used  in  a  general  industrial  application. 
This  model  introduces  Alumina  as  the  thermal  and  electrical  insulator  and  employs  the 


]M      Principal        streamline        Particle  Tracing        Max/MIn  Deform 


Movie  settings 
File  type. 

Width  (in  pixels):  640 
Height  (in  pixels):  480 


Static  /  Eiqenfunction  animation 
Cycle  type:  Full  harmonic  )-+^ 

Number  of  frames:  11 


[_]  Reverse  direction 

□  Use  camera  settings  from  main  window 


c 


Start  Animation 


(     Help     )     (    Apply   )     (  Cancel  ) 

I  FIGURE  6.63  2D  Resistive_Heating_2  model,  Plot  Parameters  window 
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I  FIGURE  6.64  2D  Resistive_Heating_2  model  animation,  final  frame 

Heat  Transfer  Module.  It  is  a  multielement  heating  unit  with  Nichrome  (a  nickel- 
chromium  alloy)  heating  bars  and  copper  connecting  bars. 


note^  The  Resistive_Heating_3  model  demonstrates  materials  and  a  configuration  as 
might  be  employed  in  vacuum  heat  sealers,  soldering  heads,  packaging  equipment,  and 
other  vacuum  processing  equipment. 


Modeling  Joule  heating  is  important  in  a  wide  variety  of  physical  design  and 
applied  engineering  problems.  Typically,  the  modeler  desires  to  understand  Joule  heat 
generation  during  a  process  and  either  add  heat  or  remove  heat  so  as  to  achieve  or 
maintain  a  desired  temperature.  Figure  6.65  shows  a  3D  rendition  of  the  2D  resistive 
heating  geometry,  as  will  be  modeled  here. 

To  start  building  the  Resistive_Heating_3  model,  activate  the  COMSOL  Multi- 
physics  software.  In  the  Model  Navigator,  select  "2D"  (the  default  setting)  from  the 
Space  dimension  pull-down  list.  Select  Heat  Transfer  Module  >  Electro-Thermal 
Interaction  >  Joule  Heating  >  Transient  analysis.  See  Figure  6.66.  Click  OK. 
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NiCr  Heating  Bars 
/  /  '  /  A 


Cu 

Connecting 
Bars 


I  FIGURE  6.65  3D  rendition  of  the  2D  Resistive_Heating_3  model  (not  to  scale) 
Constants 

Using  the  menu  bar,  select  Options  >  Constants.  In  the  Constants  edit  window,  enter 
the  information  as  shown  in  Table  6.14;  also  see  Figure  6.67.  Click  OK. 

note^  In  building  this  model,  the  calculational  parameters  (e.g.,  constants,  scalar 
expressions)  have  been  consolidated  into  a  convenient  location  (e.g.,  a  Constants  File,  a 
Scalar  Expressions  file)  so  that  they  are  easy  to  find  and  modify  as  needed.  Because  the 
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■  Application  Modes 

►  ||  COMSOL  Multiphasics 
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Application  mode  name:  htgh  emdc 
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Heat  Transfer  Module 


Description: 
A  predefined  combination  of 
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: 


(     Help     )     (  Cancel   )     (     OK  ) 

I  FIGURE  6.66  2D  Resistive_Heating_3  Model  Navigator  setup 


Table  6.14    Constants  Edit  Window 
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v_o 

1[V] 

Electric  potential  (voltage) 

T_ref 

20[degC] 

Reference  temperature 

T_air 

300[K] 

Air  temperature 

r_Cu 

1 .754e-8[ohm*m] 

Resistivity  Cu  at  T_0 

alpha_Cu 

3.9e-3[1/K] 

Temperature  coefficient  Cu 

k_Cu 

3.94e2[W/(m*K)] 

Thermal  conductivity  Cu 

rho_Cu 

8.96e3[kg/m^3] 

Density  Cu 

Cp_Cu 

3.8e2[J/(kg*K)] 

Heat  capacity  Cu 

r_NiCr 

1 .08e-6[ohm*m] 

Resistivity  NiCr  at  T_0 

alpha_NiCr 

1.7e-3[1/K] 

Temperature  coefficient  NiCr 

k„NiCr 

1.13e1[W/(m*K)] 

Thermal  conductivity  NiCr 

rho_NiCr 

8.4e3[kg/mA3] 

Density  NiCr 

CpJMiCr 

4.5e2[J/(kg*K)] 

Heat  capacity  NiCr 

settings  in  the  Constants  and  Scalar  Expressions  edit  windows  can  be  imported  and 
exported  as  text  files,  the  appropriate  text  file  can  be  modified  in  a  text  editor  and  then 
reimported  into  the  correct  Constants  or  Scalar  Expressions  edit  window. 


note^  At  this  point,  three  alternate  paths  can  taken.  If  the  geometry  was  built  and 
exported  by  building  the  Resistive_Heating_2  model,  then  the  RH2_Geometry.dxf  file 
can  be  imported.  If  not,  then  the  modeler  can  use  the  file  that  comes  with  the  book. 
However,  if  the  geometry  has  never  been  built,  then  follow  the  instructions  given  here. 
If  one  of  the  import  paths  is  taken,  then  jump  to  the  next  Note. 


I  FIGURE  6.67  2D  Resistive_Heating_3  model  Constants  edit  window 
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I  Table  6.15    Rectangle  Edit  Window 


Height 

Base 

1 

1 .0 

1 .1 

Center 

0 

0 

2 

0.9 

0.1 

Corner 

-0.45 

0.35 

3 

0.9 

0.1 

Corner 

-0.45 

0.15 

4 

0.9 

0.1 

Corner 

-0.45 

-0.05 

5 

0.9 

0.1 

Corner 

-0.45 

-0.25 

6 

0.9 

0.1 

Corner 

-0.45 

-0.45 

7 

0.05 

1.1 

Corner 

-0.50 

-0.55 

8 

0.05 

1.1 

Corner 

0.45 

-0.55 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  Create  each  of 
the  rectangles  indicated  in  Table  6.15.  See  Figure  6.68. 

Using  the  menu  bar,  select  Draw  >  Create  Composite  Object.  Enter  Rl  +R7+R82— 
R2-R3-R4-R5-R6.  See  Figure  6.69. 

Click  OK,  and  then  click  the  Zoom  Extents  button. 


I  FIGURE  6.68  2D  Resistive_Heating_3  model  created  rectangles 
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5  

Object  tvpe 
M  Solids 
O  Curves 
O  Points 


Object  selection: 


c 

Union 

) 

( 

Intersection 

Select  All 

) 

(  Cancel  ) 

(  app'v  ) 


] 


M  Keep  interior  boundaries 
fl  Repair 

Repair  tolerance;  1.0E-4 


I  FIGURE  6.69  2D  Resistive_Heating_3  model  Create  Composite  Object  edit  window 


note^  For  imported  file  users ,  jump  to  here. 

Using  the  menu  bar,  select  File  >  Import  >  CAD  Data  From  File  >  RH2_ 
Geometry .dxf.  Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  Create 
the  rectangle  indicated  in  Table  6.16. 

Click  the  Zoom  Extents  button.  See  Figure  6.70. 

This  model  introduces  the  coupling  of  two  basic  Application  Modes:  Joule 
Heating  in  the  Conductive  Media  DC  Application  Mode  and  the  Heat  Transfer  by 
Conduction  Application  Mode.  The  Physics  subdomain  and  boundary  settings  will 
need  to  be  specified  in  each  mode  separately.  Figure  6.71  shows  an  overview  of  the 
boundary  conditions  for  the  combination  of  both  modes. 

First,  however,  the  subdomain  settings  values  need  to  be  specified. 

Physics  Subdomain  Settings:  General  Heat  Transfer  (htgh) 

Having  established  the  geometry  for  the  2D  Resistive_Heating_3  model  of  a  heater 
bar  assembly,  the  next  step  is  to  define  the  fundamental  Physics  conditions.  Using 
the  menu  bar,  select  Multiphysics  >  General  Heat  Transfer  (htgh) .  Using  the  menu 
bar,  select  Physics  >  Subdomain  Settings.  Select  Subdomains  (3,5,7,9,  11)  >  Load  > 


Table  6.16     Rectangle  Edit  Window 


1                      1.0             1.1              Center        0  0 
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I  FIGURE  6.70  2D  Resistive_Heating_3  model  heater  bar  assembly 

Basic  Materials  Properties  >  Alumina.  Click  OK,  and  then  click  the  Apply  button. 
See  Figure  6.72. 

In  the  Subdomain  edit  windows,  enter  the  information  shown  in  Table  6.17.  Click 
the  Apply  button.  See  Figure  6.73. 

In  the  Subdomain  edit  windows,  enter  the  information  shown  in  Table  6.18.  Click 
the  Apply  button.  See  Figure  6.74. 


Alumina 
(Electrical  and  Thermal  Insulator) 


I  FIGURE  6.71  2D  Resistive_Heating_3  model  boundary  conditions  overview  (not  to  scale) 
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I  FIGURE  6.72  2D  Resistive_Heating_3  model  Subdomain  Settings  (3,  5,  7,  9, 1 1 )  edit  window 
I  Table  6.17     Subdomain  Settings  Edit  Window 


Number  Name 

Location 

Description 

1,  13 

k  (isotropic) 
P 

CP 

k_Cu 

rho_Cu 

Cp_Cu 

Thermal  conductivity 

Density 

Heat  capacity 

Table  6.18 

Subdomain  Settings  Edit  Window 

Subc 

2,  4,  6,  8,  10,  12 


k  (isotropic)       k_NiCr  Thermal  conductivity 

p  rho_NiCr  Density 

CP  Cp^NiCr  Heat  capacity 
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Equation 


Convection       ideal  Gai 


Thermal  properties  and  heat  sources/sinks 


Library  maienai  f 


Value /Expression 


v  f1 — 

©  k  inotropic)  k_Cu 


Unit 
1 


Description 

Time-scaling  coefficient 


rho_Cu 


O  k  UnnotropKI    400  0  0  400 
P 

Q 

Opacity 


Cp.Cu 


WYIm  K)  Thermal  conductivity 
W/(m  K)  Thermal  conductivity 

~   ko/m1  Density 

-  J/(kg  Kl 


Q_emdc 


Meat  capacity  at  constant  pressure 
Heat  source 


(    Help    )    (  Apply  )    (  Cancel  )  (« 

I  FIGURE  6.73  2D  Resistive_Heating_3  model  Subdomain  Settings  (1 , 13)  edit  window 


Friuatinn 


-v  diovv  -  j")  -  tOfV  I/(p„u  ♦  ail  -  i„)» 


I  rHytlo      Infinite  Elements  Inn 


Material  properties  and  sources 


I  ihrary  material  £ 


3  n^n 


Quantity 
J* 

d 


o.oi 


Cunduclivity  leUtiuri. 

pn  r.NiCr 


alpha.NiCr 


a  m 
IfK 


r.rel 


Unit 

A/nr*  External  current  density 

A/m1  Current  source 

_  m  Thickness 


Resistivity  at  reference  temp. 
Temperature  coefficient 
Tempr-rature 
Reference  temperature 


(    WP    )     (    Apply   )     (  Cmd  ) 


I  FIGURE  6.74  2D  Resistive_Heating_3  model  Subdomain  Settings  (2,  4,  6,  8, 1 0, 1 2)  edit  window 
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l  -  t«mp«ratur« 


iubdomam  selection 


r.rmi|i 


'_'««<.  by  group 

Wl  kM  in  Hill  domain 


Conduction      ConvKilon      klejicji  Out-ol-punt 


CsD  GEiD  G-ED 


I  FIGURE  6.75  2D  Resistive_Heating_3  model  Subdomain  Settings,  Init  edit  window 


note^  For  transient  calculations,  all  of  the  physical  property  values  are  required  for 
the  conduction  calculation.  In  this  case,  the  properties  of  copper  (Cu),  Nichrome 
(NiCr),  and  Alumina  (A1203)  are  required. 


Select  the  Init  tab.  Select  subdomains  1-13.  Enter  T_ref  in  the  Initial  value  edit 
window.  See  Figure  6.75.  Click  OK. 

Physics  Boundary  Settings:  General  Heat  Transfer  (htgh) 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  For  the  indicated  boundaries, 
select  or  enter  the  given  boundary  condition  and  value  as  shown  in  Table  6.19.  See 
Figures  6.76  and  6.77. 


Table  6.19     Boundary  Settings-Heat  Transfer  by  Conduction  (ht)  Edit  Window 


Boundary 

Value/ 

Figure 

1,  40 

Temperature 

T_air 

Yes 

6.76 

2,  3,  5,  26,  28,  39 

Thermal  insulation 

No 

6.77 
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Equation 
T-T. 


Highly  Conductive  Layer        Element       Color  ■  5ryk  I 


1  belect  by  group 
^2  Interior  boundaries 


Rnunriary  (OUrCM  and  rnnstrainu 

Library  coefficient  [  ^ 
Boundary  condition: 


Temperature 


3 


I 

Radiation  typt- 
« 


Valui>/F*pr*«if>n 

0 


*/m         Inward  heat  flux 
W/(mZ'K)  Heat  transfer  coefficient 

External  temperature 

Temperature 

1  Surfeit*  *mi«ivity 

K  Amhi*>nr  t*mp#ranir* 


of  groupd) 


t'piilon.hirjh'siomj.h    W/mJ      Surface  radiosity  expression 
l 


(    Help    )    (   Appty   )    (  Cancel  )  ( 

I  FIGURE  6.76  2D  Resistive_Heating_3  model  Boundary  Settings  (1,  40)  edit  window 


Equation 


Highly  Conductive  Layer 


Rnnnriarv  «nurr «  and  rnntfrainK 
Library  coefficient 
Boundary  condition: 


3  Q 


«a 
h 

T. 

Radiation  type: 
t 

Tan* 

Member  of  group(s) 


Thermal  insulation 
VdM/EapMUlM  Unit  Drtmptinn 

W/m2        Inward  heat  flux 

W/lmz  K)  Heat  transfer  coefficient 
K  External  temperature 

K  Temperature 


273.15 


...  .  :  |    i ■  |  ||   ■  ign  ,  I  w/m3 

1 


Surface  *mU*rviry 
Amhi#>nr  t<>mn*>rarur» 
Surface  radiosity  expression 


I  FIGURE  6.77  2D  Resistive_Heating_3  model  Boundary  Settings  (2,  3,  5,  26,  28,  39)  edit  window 
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Physics  Subdomain  Settings:  Conductive  Media  DC  (emdc) 

Using  the  menu  bar,  select  Multiphysics  >  Conductive  Media  DC  (dc).  Using  the 
menu  bar,  select  Physics  >  Subdomain  Settings.  Select  subdomains  1-13  in  the 
Subdomain  selection  window  (all  of  the  subdomains).  Enter  0.01  in  the  Thickness  (d) 
edit  window.  Select  "Linear  temperature  relation"  from  the  Conductivity  relation  pull- 
down list.  Click  the  Apply  button. 

Select  Subdomains  (3,5, 7, 9, 11)  >  Load  >  Basic  Materials  Properties  >  Alumina. 
Select  "Conductivity"  from  the  Conductivity  relation  pull-down  list.  Enter  0.001  in 
the  Electric  conductivity  edit  window.  Click  the  Apply  button. 

In  the  Subdomain  edit  windows,  enter  the  information  shown  in  Table  6.20.  Click 
the  Apply  button.  See  Figure  6.78. 


Fojiahnn 


-V  dloVV  -  )')  =  dQ,.  rj  -  l/(p0(l  +  a(T  -  T0») 


I  Physics 


Infinite  Elements      Inn  Element 


Material  properties  and  sources 
I  ihrary  material*  I 


Value/Expression 


«g     (    load  ) 


Unit  Description 

•V™'  External  current  density 
*/m*      Current  source 


Resistivity  at  reference  temp. 
Temperatur«  coefficient 
Temperature 
Reference  temperature 


I  FIGURE  6.78  2D  Resistive_Heating_3  model  Subdomain  Settings  (1,13)  edit  window 


I  Table  6.20    Subdomain  Settings-Conductive  Media  DC  (emdc)  Edit  Window 


1,  13 

Po 

r_Cu 

Resistivity  at  reference  temperature 

a 

alpha_Cu 

Temperature  coefficient 

T0 

T_ref 

Reference  temperature 
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Table  6.21     Subdomain  Settings-Conductive  Media  DC  (emdc)  Edit  Window 


Subdomain  Number 

Name 

Description 

2,  4,  6,  8,  10,  12 

Po 
a 

T0 

r_NiCr 

alpha_NiCr 

T_ref 

Resistivity  at  reference  temperature 
Temperature  coefficient 
Reference  temperature 

In  the  Subdomain  edit  windows,  enter  the  information  shown  in  Table  6.21 .  Click 
the  Apply  button.  See  Figure  6.79. 


note^  At  this  point  in  the  model,  the  generation  of  heat  is  coupled  to  the  resistivity  in 
each  different  material  (Cu,  NiCr)  through  the  temperature  change. 


Select  the  Init  tab.  Select  subdomains  1-13  in  the  Subdomain  selection  window  (all 
of  the  subdomains).  Enter  V_0*(1  -  x[l/m])  in  the  VOq)  edit  window.  See  Figure  6.80. 
Click  OK. 


Equation 


-V  •  d(oW  -  Je)  =  dQr  rj  =  l/(pfl(l  +  a(T  -  T0») 


Infinite  Elements       Init  Element 


Material  properties  and  sources 
Library  material:  I 


Tl  - 


Quantity 
J' 


Conductivity  relation: 

Po 
a 
T 


Value/Expression 


Unit  Description 

A/m2  External  current  density 

A'm3  Current  source 

m  Thickness 


Linear  temperature  relation    t  1 

—  flm 


alpha_NiCr 


Resistivity  at  reference  temp. 
1/K       Temperature  coefficient 

tr 

Temperature 
Reference  temperature 


(    Help    )    (  Apply  }    f  Cancel  ) 


I  FIGURE  6.79  2D  Resistive_Heating_3  model  Subdomain  Settings  (2,  4,  6,  8, 10, 12)  edit  window 


2D  Resistive  Heating  Modeling  379 


-V  •  d<oW  -  J«)  -  dCX,  o  -  1/lp.U  +  o(T  -  T.»> 


Groups  L_ 


Subdomain  selection 


2  (default) 
3 

4  (default) 
5 

6  (default) 
7 

5  (default) 
9 

10  Idefault) 
11 

12  Idefault) 


Group:  ^ 


^2  Select  by  group 

M  Active  in  this  domain 


Physics      Infinite  Elements      tnit  Element 


V(V  v_0"(l-x[l/ml) 


Electric  potential 


(    Help    )    (   Apply   )    (  Cancel  ) 

I  FIGURE  6.80  2D  Resistive_Heating_3  model  Subdomain  Settings  Init  edit  window 


note^  The  initial  conditions  assume  a  linear  voltage  drop  across  the  body  of  the 
model.  This  is  reflected  in  the  initialization  equation  (V(t0)  =  V_0*(1  —  x[l/m])). 

Physics  Boundary  Settings:  Conductive  Media  DC  (emdc) 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  For  the  indicated  boundaries, 
Select  or  enter  the  given  boundary  condition  and  value  as  shown  in  Table  6.22.  Check 
the  Interior  boundaries  check  box.  See  Figures  6.81 ,  6.82,  and  6.83. 


Table  6.22     Boundary  Settings-Conductive  Media  DC  (emdc)  Edit  Window 


1 

Electric  potential 

vo 

6.81 

2,  3,  5, 

Electric  insulation 

6.82 

26,  28,  39 

40 

Ground 

6.83 
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Fq  nation 


Gruups 


Boundary  selection 


h 


O  Select  by  group 
^2  Interior  boundaries 


Puil       Colui/Slyic  \_ 


Boundary  sources  and  constraints 

Library  material: 


Boundary  condition.  '  ElKtric  p01en,,al  ;  | 

Quantity  Valu»/T*prM«inn  llni 

v»  [75  1  v 


Electric  potential 


C^,  Qp^)  GEED 


I  FIGURE  6.81  2D  Resistive_Heating_3  model  Boundary  Settings  (1)  edit  window 


Click  OK.  See  Figure  6.84. 
Mesh  Generation 

On  the  toolbar,  click  Mesh  >  Free  Mesh  Parameters.  Select  the  Subdomain  tab.  Select 
subdomains  1-13.  Enter  0.02  in  the  Maximum  element  size  edit  window.  Select 
"Quad"  from  the  Method  pull-down  list.  See  Figure  6.85. 


Croup:   Sj 


d1  Select  bv  group 
*   *  Interior  boundaries 


(     Help     )    (    Apply   )    (  Cancel   ^     (  OK 

I  FIGURE  6.82  2D  Resistive_Heating_3  model  Boundary  Settings  (2,  3,  5,  26,  28,  39)  edit  window 
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1 

39 

|40 

1  V 

Group: 


Q  Select  by  group 
Q  Interior  boundaries 


Boundary  sources  and  constraints 

Library  material 


F)    (  load...  ) 
Boundary  condition:  f  Ground  14^ 


C^O  QeeD  G^D 


I  FIGURE  6.83  2D  Resistive_Heating_3  model  Boundary  Settings  (40)  edit  window 


a  a  urn  h    *»e  t,  aat       =  s  «;•>;-)  >j  j»  *  *  »»  n  ©*>  t 


I  FIGURE  6.84  2D  Resistive_Heating_3  model  with  all  the  boundary  settings 
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Free  Mebh  Pardmeleii 


'  Global       SubJuiiMin       ftuun Jdi  y       Point       Advdmcd  ', 


Subdomjin  selection 


i 

2 
1 
4 

C 
7 
I 
9 
10 

11 

12 

13  


Q  Select  b»  group 
(   Select  Remaining,  ) 
(     Select  Meshed  ) 


iuodomain  mesh  parameters 


Maximum  element  size:  0.02 
Element  ijruwth  I4MS. 
Method. 


(     OK  ) 

(  Cancel  ) 

(  Apply  ) 

(  ) 


f   Reset  to  Defaults   )    (         Rensesh        )    (     Mesh  Selected  ) 

I  FIGURE  6.85  2D  Resistive_Heating_3  model  Free  Mesh  Parameters  window 

Click  the  Remesh  button.  Click  OK.  See  Figure  6.86. 
Solving  the  2D  Resistive_Heating_3  Model 

Using  the  menu  bar,  select  Solve  >  Solver  Parameters.  The  COMSOL  Multiphysics 
software  automatically  selects  the  Time  dependent  solver. 


neimiurkmrnn 


t-O.ttS.  -O.S45) 


I  FIGURE  6.86  2D  Resistive_Heating_3  model  mesh 
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r  Parame 


M  Auto  select  solver 
Solver: 


Stationary 


Time  dependent 


Eigenvalue 
Parametric 

Stationary  segregated 
Parametric  segregated 


r^1  Adaptive  mesh  refinement 


Time  Stepping  Advanced 


Relative  tolerance: 
Absolute  tolerance: 

Allow  complex  numbers 
Linear  system  solver 


0.0010 


Linear  system  solver:   '   Direct  (UMFPACK) 

Preconditioner 


T' 


c 


(  Settings...  ) 


Matrix  symmetry: 


(    Help    )     (   Apply   )     (  Cancel  ) 

I  FIGURE  6.87  2D  Resistive_Heating_3  model  Solver  Parameters  edit  window 


note^  The  COMSOL  Multiphysics  software  automatically  selects  the  solver  best 
suited  for  the  particular  model  based  on  the  overall  evaluation  of  the  model.  The 
modeler  can,  of  course,  change  the  chosen  solver  and  the  parametric  settings.  It  is 
usually  best  to  try  the  selected  solver  and  default  settings  first  to  determine  how  well 
they  work.  Then,  once  the  model  has  been  run,  the  modeler  can  do  a  variation  on  the 
model  parameter  space  to  seek  improved  results. 

Enter  0:50:2000  in  the  Times  edit  window.  See  Figure  6.87.  Click  OK. 


Time-Dependent  Solving  of  the  2D  Resistive_Heating_3  Model 

Select  Solve  >  Solve  Problem.  See  Figure  6.88. 


Postprocessing  and  Visualization 

The  default  plot  shows  the  temperature  distribution  in  kelvins.  The  temperature  distri- 
bution can  also  be  shown  in  degrees  Centigrade.  To  do  so,  select  Postprocessing  >  Plot 
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I  FIGURE  6.88  2D  Resistive_Heating_3  model  solution 


Parameters  >  Surface.  Verify  that  the  Surface  plot  check  box  is  checked  and  that  the 
Predefined  quantities  pull-down  list  shows  "Temperature."  Select  "degC"  or  "°C"  from 
the  Unit  pull-down  list.  See  Figure  6.89. 
Click  OK.  See  Figure  6.90. 

Next,  because  this  is  a  transient  analysis  model,  the  modeler  can  test  how  close 
the  solution  is  to  the  steady-state  value.  Select  Postprocessing  >  Cross-Section  Plot 
Parameters  >  General  >  Point  plot.  Verify  that  all  of  the  Solutions  to  use  are  selected. 
See  Figure  6.91. 

Click  the  Point  tab.  Enter  x  =  0,  y  =  0.1  in  the  Coordinates  edit  windows.  See 
Figure  6.92. 

Click  OK.  Figure  6.93  shows  the  temperature  versus  time  plot  for  the  point 
x  =  0,y  =  0.1.Itis  easily  seen  that  the  temperature  is  somewhat  close  to  the  steady- 
state  value  (the  curve  is  still  rising,  at  a  decreasing  AT)  at  the  end  of  the  model- 
ing calculation. 

It  is  interesting  to  see  how  the  heat  flux  moves  in  this  array.  Select  Postprocessing  > 
Plot  Parameters  >  Arrow.  Check  the  Arrow  plot  check  box.  Select  "Total  heat  flux." 
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General     |     Surface  Contour  Boundary  Arrow  Principal        ► 1 


Surface  plot 


Height  Data  | 


Predefined  quantities:   1  Temperature  ^    (  Range...  ) 

Expression:  pT  M  Smooth 

Unit:  f  °C  ^ 


Coloring  and  fill 


Coloring:       1  Interpolated      ^        Fill  style: 


Surface  color 


@  Colormap:  [  jet  ^    Colors:    1024         0  Color  scale 

O  Uniform  color:     (  Color...  ^  I 


I  FIGURE  6.89  2D  Resistive_Heating_3  model  Plot  Parameters  edit  window 


Click  the  Color  button  and  select  a  color  (black).  Click  OK,  and  then  click  OK  again. 
See  Figure  6.94. 

Postprocessing  Animation 

Select  Postprocessing  >  Plot  Parameters  >  Animate.  Select  or  verify  that  all  of  the 
solutions  in  the  Solutions  to  use  window  are  selected.  See  Figure  6.95. 
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I  FIGURE  6.90  2D  Resistive_Heating_3  model,  degrees  Centigrade 


Linc/'Exllusiuti  Point 


Plot  type 

(^)  Lint/Extrusion  plot     Q  Point  plot 


Solutions  to  use 

Solution  at  angle  (phase) 

Select  via:   1  Stored  uutpul  Ham  |^ 


Woe  in    |  WctWntJUft  Wj     M  K««P  curr.nt  plot 


I  Display  cross  section  in  main  axes      (   Color...  ) 


(  Title/Axis...  ) 


(    HK>    )    (   Apply   )    (  Cw.  ) 


I  FIGURE  6.91  2D  Resistive_Heating_3  model,  Cross-Section  Plot  Parameters,  General  edit  window 
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.lion  Plot  Pdtdmelerb 


Gcncidl  Llne/Exlrusi 


Puim  1 


^  Point  plol 
Y-a*is  data 


PTtdefnitdquanilins:  T«mp«niui» 
Expression  T 
Unit 


@  Auto 

O    (  Expression...  ) 


(   Una  Settings...  ) 


H«lp     )     (    Apply    )     (   Cancel  ) 


I  FIGURE  6.92  2D  Resistive_Heating_3  model,  Cross-Section  Plot  Parameters,  Point  edit  window 


I  FIGURE  6.93  2D  Resistive_Heating_3  model,  temperature  versus  time  at  x  =  0,  y  =  0.1 
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I  FIGURE  6.94  2D  Resistive_Heating_3  model,  heat  flux  (proportional  arrows) 


Click  the  Start  Animation  button.  See  Figure  6.96. 

Alternatively,  you  can  play  the  file  Movie6_RH_3.avi  that  was  supplied  with 
this  book. 

2D  Resistive  Heating  Models:  Summary  and  Conclusions  

The  models  presented  in  this  section  of  Chapter  6  have  introduced  the  following  new 
concepts:  Ohm's  law,  Joule  heating,  mixed-mode  modeling,  mixed-materials  model- 
ing, transient  analysis,  and  the  good  first  approximation.  Previously  introduced  con- 
cepts employed  include  the  triangular  mesh,  free  mesh  parameters,  subdomain  mesh, 
maximum  element  size,  and  quadrilateral  mesh  (quad). 

The  three  resistive  heating  models  are  more  illustrative  of  the  mixed-mode  mod- 
eling concept  than  they  are  directly  amenable  to  the  comparison  of  calculated  values . 
They  present  different  examples  of  the  diversity  of  applied  scientific  and  engineering 
model  designs  that  can  be  explored  using  electro-thermal  coupling  and  transient 
analysis.  These  models  also  demonstrate  the  significant  power  of  relatively  simple 
physical  principles,  such  as  Ohm's  law  and  Joule's  law. 
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Animate""} 
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Streamline 


Particle  Tracing  Max/Min 


Deform 


Movie  settings 
File  type: 
Width  (in  pixels): 
Height  (in  pixels): 
Frames  per  second: 


AVI 


5T) 


Static  /  Eigenfunction  animation 
Cycle  type: 


Number  of  frames:  11 


Solutions  to  use 


Select  via:   [  Stored  output  times  14^ 


^2  Reverse  direction 

□  Use  camera  settings  from  main  window 


(  Start  Animation  ) 


(    Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  6.95  2D  Resistive_Heating_3  model,  Plot  Parameters  window 


■  2D  Inductive  Heating  Considerations 

2D  Axisymmetric  Coordinate  System  

In  this  part  of  Chapter  6 ,  the  concepts  of  interest  are  most  easily  explored  using  the 
2D  axisymmetric  coordinate  system.  Reviewing  briefly  the  2D  axisymmetric  coordi- 
nate system  basics,  parameters  in  steady-state  solutions  to  any  2D  axisymmetric 
model  can  vary  only  as  a  function  of  the  radial  position  in  space  (r)  and  the  axial 
position  in  space  (z)  coordinates.  Such  models  represent  the  parametric  condition  of 
the  model  in  a  time-independent  mode  (quasi-static).  In  transient  solution  models,  as 
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I  FIGURE  6.96  2D  Resistive_Heating_3  model  animation,  final  frame 

presented  in  this  section,  parameters  can  vary  both  by  position  in  space  (r)  and  space 
(z)  and  by  time  (/);  see  Figure  6.97. 

The  transient  solution  model  is  essentially  a  sequential  collection  of  steady-state 
(quasi-static)  solutions,  except  that  the  condition  has  been  added  that  at  least  one  of 
the  dependent  variables  changes  as  a  function  of  time. 

note^  In  transient  or  time-dependent  (e.g.,  dynamic ,  unsteady)  models,  at  least  one 
of  the  dependent  variables  changes  as  a  function  of  time.  The  change  in  the  dependent 
variable  is  a  direct  result  of  the  coupling  inherent  in  the  physical  properties  of  the 
materials  involved  in  the  model. 


I  FIGURE  6.97  2D  axisymmetric  coordinate  system,  plus  time 
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For  example,  the  resistance  of  a  material  typically  changes  (±)  as  a  function  of 
temperature.  When  heat  is  generated  in  a  material  through  current  flow  (Joule's  law), 
the  temperature  of  the  material  changes.  Hence,  as  the  temperature  changes  over  time, 
the  resistance  changes. 


The  space  coordinates  (r)  and  (z)  typically  represent  a  distance  coordinate 
throughout  which  the  model  is  to  calculate  the  change  of  the  specified  observables 
(i.e.,  temperature,  heat  flow,  pressure,  voltage,  current)  over  the  range  of  values 
(rmin<=  r  <=  rmax)  an^  (zmm  <=  z  <=  zmax)-  The  time  coordinate  (/)  represents  the 
range  of  values  (tmin  <=  t<=  ?max)  from  the  beginning  of  the  observation  period  (fmin) 
to  the  end  of  the  observation  period  (fmax) . 

Joule  heating  techniques  are  extremely  important  in  device  design  considerations. 
Joule  heating  is  applied  to  tasks  as  varied  as  heating  houses  (AC)  and  baking  potatoes 
(microwave  AC).  It  accounts  for  some  of  the  most  widely  utilized  technologies 
employed  for  research,  design,  and  application  in  engineering  and  physics.  Most  mod- 
ern products  or  processes  require  an  understanding  of  Joule  heating  techniques  either 
during  development  or  during  the  use  of  the  product  or  process  (e.g.,  automobiles, 
plate  glass  fabrication,  plastic  extrusion,  plastic  products,  houses,  baked  potatoes,  ice 
cream) . 


note^  Heating  and  heat  transfer  concerns  have  existed  since  the  beginning  of 
prehistory.  There  have  been  many  contributors  to  the  present  understanding  of  the 
interaction  of  electric  currents  and  solids.  Three  scientists  especially  stand  out  in  this 
regard:  Georg  Ohm,  James  Prescott  Joule,  and  Leon  Foucault. 
Ohm  published  his  discovery  of  Ohm's  law  in  1827:14 


V 

I  =  -  (6.5) 
R  y 

where        /  =  current  in  amperes  (A) 

V  =  voltage  (electromotive  force)  in  volts  (V) 
R  =  resistance  in  ohms 

Joule  discovered  Joule's  law  in  1843:1516 

Q  =  I2Rt  (6.6) 


where       Q  =  heat  generated  in  joules  (J) 
/  =  current  in  amperes  (A) 
R  =  resistance  in  ohms 
t  =  time  in  seconds  (S) 
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In  1851,  Foucault17  discovered  eddy  currents18  (also  called  Foucault  currents). 
Eddy  currents  result  when  a  conductor  is  in  the  presence  of  a  changing  magnetic  field. 

(joxr  -  a)2s)A  +  V  X  (/x-'V  X  A)  =  Je  (6.7) 

where        A  =  magnetic  vector  potential 
(o  =  angular  frequency 
a  =  conductivity 
e  =  permittivity 
l±  =  permeability 

Je  =  current  density  due  to  an  external  source19 

The  induced  eddy  currents  interact  with  the  resistance  of  the  conductor  (Ohm's 
law)  through  Joule's  law,  causing  heat.  The  net  effect  of  these  interactions  is  induction 
heating.20  In  this  model,  the  equations  are  as  follows: 

jo)a(T)A  +  V  X  (fi-lV  X  A)  =  0  (6.8) 

where  A  =  magnetic  vector  potential 

co  =  angular  frequency 
(t(T)  =  conductivity 
jx  =  permeability 


and 


pC^-  V  kVT  =  Q(T,A)  (6.9) 
at 


where        p  =  density 

Cp  =  specific  heat  capacity 
T  =  temperature 
t  =  time 

k  =  thermal  conductivity 
A  =  magnetic  vector  potential 


and 


o-(r)  =  (pref(l  +a(T-Taf))-1  (6.10) 


where       cr(T)  =  electrical  conductivity 

pref  =  resistivity  at  the  reference  temperature 

T  =  temperature 
Tref  =  reference  temperature 
a  =  thermal  coefficient  of  the  resistivity 
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and 


Q{T)=l-a{T)\EvY 


(6.11) 


where 


Q{T)  =  heat  generated  per  period  for  a  sinusoidal  wave  function 
cr(T)  =  conductivity  at  the  present  temperature 
T  =  temperature 
Ep  =  electric  field,  peak  value 


The  first  example  presented  in  this  section,  the  Inductive_Heating_l  model, 
explores  2D  axisymmetric  electro-thermal  interaction  modeling  of  Joule  heating  using 
transient  analysis.  The  model  is  solved  for  a  material  that  is  both  electrically  and  ther- 
mally conductive.  The  model  is  implemented  using  the  COMSOL  AC/ DC  Module 
Electro-Thermal  Application  Mode.  This  model  demonstrates  the  principle  of  induction 
heating. 

In  the  first  variation  on  the  inductive  heating  model,  the  new  model  is  built  to 
explore  a  common  configurational  change  and  is  solved  using  the  same  COMSOL 
Multiphysics  AC/ DC  Module  Application  Mode.  In  the  second  variation  on  this 
model,  a  model  is  built  that  incorporates  materials  modifications  in  addition  to  the 
configurational  changes  and  is  again  solved  using  the  COMSOL  Multiphysics  AC/DC 
Electro-Thermal  Application  Mode.  The  second  variation  also  explores  the  influence 
of  an  insulating  environment  on  the  model's  properties.  The  calculated  modeling 
results  are  then  compared. 

2D  Axisymmetric  Inductive  Heating  Model  

The  following  numerical  solution  model  (Inductive_Heating_l)  is  derived  from  a 
model  that  was  originally  developed  by  COMSOL  as  a  Multiphysics  demonstration 
model  for  distribution  with  the  Multiphysics  software  in  the  basic  Multiphysics  Model 
Library.  This  model  continues  the  introduction  of  the  coupling  of  two  important  basic 
physical  materials  properties:  Joule  heating  and  heat  transfer.  The  coupling  of  these 
two  properties  in  this  model  demonstrates  one  of  the  interactions  normally  found  in 
typical  engineering  materials. 


note^  The  new  modeler  should  personally  build  each  model.  There  is  no  better 
method  to  obtain  a  rapid  understanding  of  the  modeling  process  than  to  employ  the 
process  of  gaining  the  hands-on  experience  of  actually  building,  meshing,  solving,  and 
postprocessing  a  model.  Many  times  the  inexperienced  modeler  will  make  and  correct 
errors,  thereby  adding  to  his  or  her  experience  and  fund  of  modeling  knowledge.  Even 
building  the  simplest  model  will  expand  the  modeler's  store  of  knowledge. 
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Cylinder      Cross  Section 


Coil 


I  FIGURE  6.98  3D  rendition  of  the  2D  axisymmetric  lnductive_Heating_1  model 

Modeling  Joule  heating  is  important  in  a  wide  variety  of  physical  design  and 
applied  engineering  problems.  Typically,  the  modeler  desires  to  understand  Joule  heat 
generation  during  a  process  and  either  adds  heat  or  removes  heat  so  as  to  achieve  or 
maintain  a  desired  temperature.  Figure  6.98  shows  a  3D  rendition  of  the  2D  inductive 
heating  geometry,  as  will  be  modeled  here. 

To  start  building  the  Inductive_Heating_l  model,  activate  the  COMSOL  Multi- 
physics  software.  In  the  Model  Navigator,  select  "Axial  symmetry  (2D)"  from  the 
Space  dimension  pull-down  list.  Select  AC/DC  Module  >  Electro- Thermal  Interaction  > 
Azimuthal  Induction  Heating  >  Transient  analysis.  See  Figure  6.99.  Click  OK. 

^  O  Model  Ndvigatof  

I  N«w      Mutfcl  Utjfdf  y      Uvcr  Models      Open      Sellings'  1_ 


Space  dimension:  Axial  symmetry  (2D) 


|  Auplkaliuli  Modes 
£j  COMSOL  Multlphysics 
0  AC/DC  Module 

►  Q  Sialics 

►>  ^  Quasi-Statics.  Electric 
k>  Q  QuaO-Vatirt  Magnetic 

►  _  Ouasi-Statics.  Electromagnetic 
T  0  Electro  Thermal  Interaction 

▼  [j  Azimutnal  Induction  Heating 
|  steady-state  analysis 

□  BEB833EBIBSI 

►  Q  Meridional  Induction  Heating 

►  p|  Joule  Heating  


AC/DC  Module 


'  h"1  [''.'■  li  i  V  rl  I  ■  . i  r  i  1 1  ■  1 1 ■  ■ 


TJ  Anh.rir 


Description: 

A  predefined  combination  of 
application  modes  for  Induction 
hp.iting  rnmhirip^  Azimuthal  Indurtinn 
Currents  with  heat  transfer  by 
conduction  tor  modeling  ot 
electro-thermal  applications  such  as 
Induction  heating. 


Application  mode  name:   htgh  emqa 

Element  [  L^nnut - ApHUr?    ■ ;  } 


(    Heip    )  (Cancel) 


I  FIGURE  6.99  2D  axisymmetric  lnductiveJHeating_1  Model  Navigator  setup 
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Table  6.23    Axis  Edit  Window 


Name 

Value 

r  min 

-0.05 

r  max 

0.5 

z  min 

-0.3 

z  max 

0.3 

Table  6.24     Grid  Edit  Windows 


r  spacing 

0.05 

Extra  r 

0.03 

z  spacing 

0.05 

Extra  z 

-0.01  0.01 

note^  There  are  two  mode  names  in  the  Application  mode  name  window  (htgh 
emqa).  The  names  in  the  window  show  which  applications  are  coupled  in  this 
application:  General  Heat  Transfer  (htgh)  and  Azimuthal  Induction  Currents,  Vector 
Potential  (emqa) . 


Options  and  Settings 

Using  the  menu  bar,  select  Options  >  Axes/Grid  Settings.  In  the  Axis  edit  windows, 
enter  the  information  shown  in  Table  6.23;  see  Figure  6.100. 

Select  the  Grid  tab.  Uncheck  the  Auto  check  box.  In  the  Grid  edit  windows,  enter 
the  information  shown  in  Table  6.24;  See  Figure  6.101.  Click  OK. 


r^xis   end ; 

M  Axis  equal 


r  z  limits 

r  min:  -0.05 

phi  limits 
M  Auto 

r  max:  0.5 

phi  mln:  -1 

z  mm:  -O.i 

phi  max :  1 

z  max:  0.3 

(     Help     )     (    Apply    ")     (   Cancel    )     ^  OK  ) 

I  FIGURE  6.100  2D  axisymmetric  lnductive_Heating_1  model  Axis  edit  window 
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J  Axis 


□  Auto  MJ  Visible  Ml  Labels 
r-zgrid 


r  spacing:  0.05 
Extra  r:  0.03 


2  spacing:  0.05 
Extra  z:  1-0.01 


phi  grid 
M  Auto 


phi  spacing  0.2 
Extra  phi: 


(     Help    )    (    Apply   )    (  Cancel  ) 


I  FIGURE  6.101  2D  axisymmetric  lnductive_Heating_1  model  Grid  edit  window 


note^  The  "extra"  r  and  z  grid  points  are  defined  points  on  the  grid  that  are  used  to 
aid  the  modeler  in  creating  the  designs  needed  to  build  this  model.  The  model  can  also 
be  built  on  a  standard  grid  by  using  the  Specify  Object  commands. 


note^  When  building  a  model,  it  is  usually  best  to  consolidate  the  calculational 
parameters  (e.g.,  constants,  scalar  expressions)  in  a  small  number  of  appropriate, 
convenient  locations  (e.g.,  a  Constants  file,  a  Scalar  Expressions  file)  so  that  they  are 
easy  to  find  and  modify  as  needed.  Because  the  settings  in  the  Constants  and  Scalar 
Expressions  edit  windows  can  be  imported  and  exported  as  text  files,  the  appropriate 
text  file  can  be  modified  in  a  text  editor  and  then  reimported  into  the  correct  Constants 
or  Scalar  Expressions  edit  window. 


Constants 

Using  the  menu  bar,  select  Options  >  Constants.  In  the  Constants  edit  window,  enter 
the  information  shown  in  Table  6.25;  also  see  Figure  6.102.  Click  OK. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Circle.  Enter  a  radius  of  0.01 . 
Select  "Base:  Center"  and  set  r  equal  to  0.05  and  z  equal  to  0  in  the  Circle  edit  window. 
See  Figure  6.103.  Click  OK. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  Enter  a  width  of 
0.2  and  a  height  of  0.5.  Select  "Base:  Corner"  and  set  r  equal  to  0  and  z  equal  to  —0.25 
in  the  Rectangle  edit  window.  See  Figure  6.104.  Click  OK. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  Enter  a  width  of 
0.03  and  a  height  of  0.1.  Select  "Base:  Corner"  and  set  r  equal  to  0  and  z  equal  to 
—0.05  in  the  Rectangle  edit  window.  See  Figure  6.105. 
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Table  6.25     Constants  Edit  Window 


Name               Expression  Description 

LO 

1e3[A] 

Coil  current 

d_0 

2e-2[m] 

Coil  diameter 

c_0 

pi*d_0 

Coil  circumference 

Js_0 

l_0/c_0 

Coil  surface  current  density 

T_ref 

20[degC] 

Reference  temperature 

r_Cu 

1.67e-8[ohm*m] 

Resistivity  copper 

alpha_Cu 

3.9e-3[1/K] 

Resistivity  coefficient  copper 

rho_air 

1 .293[kg/mA3] 

Density  air  STP 

Cp_air 

1.01e3[J/(kg*K)] 

Heat  capacity  air 

k_air 

2.6e-2[W/(m*K)] 

Thermal  conductivity  air 

rho_Cu 

8.96e3[kg/mA3] 

Density  copper 

Cp_Cu 

3.8e2[J/(kg*K)] 

Heat  capacity  copper 

k_Cu 

3.94e2[W/(m*K)] 

Thermal  conductivity  copper 

Nairn 

Expression 

Value 

Description 

1  0 

U3(A1 

1000[A) 

Coll  current 

d.O 

2e-2|m] 

0.02|m| 

Coil  diameter 

rj> 

pi*«U> 

nn&?si?[m| 

Toil  rirr  iimfi-r^nrp 

ls-0 

l_0,c_0 

15915.494309|A/m| 

Coil  surface  current  density 

i_rer 

2U|degU 

2»J.li[K] 

Keferer.ce  temperature 

r  Cu 

1.67e-8lohm*ml 

[1.67e-8)ln  ml 

Resistivity  copper 

alphaCu 

3.9e-3[l/K.| 

0.0039[1/K| 

Resistivity  coefficient  copper 

rhoair 

1.293|kg/mM| 

1.293|kg/mJ] 

Density  air  5TP 

Lp_air 

i.uiMU/ikg-Kii 

lUlllU/lkg  W] 

Heat  capacity  air 

k  lir 

2.6e-2|W/(m-K)l 

0.026IW/(m  Kll 

Thermal  conductivity  air 

rho_Cu 

8.96e3|kg/mA3] 

8960|kg/m3| 

Density  copper 

C|i_Cu 

3.8i;2U/lku*K)] 

380U/(kg  Kl| 

Heat  LdUdLily  I  upper 

k_Cu 

3.94e2|W/lm'K)| 

394|W,<mK)| 

Thermal  conductivity  copper 

(  Help 

)  ( 

Apply   )    (  cancel  ) 

I  FIGURE  6.102  2D  axisymmetric  lnductive_Heating_1  model  Constants  edit  window 


(degrees) 


Base:      1  Center 


Style:    i  Solid 


(     Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  6.103  2D  axisymmetric  lnductive_Heating_1  model  Circle  edit  window 
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Rotation  angle 

a:    fo  (degrees) 


Style:  |  Solid  g 
Name:  "Si 


(    Help    )    (    Apply   )    (  Cancel  )     (     OK  ) 

I  FIGURE  6.104  2D  axisymmetric  lnductive_Heating_1  model  Rectangle  edit  window 

Click  OK,  and  then  click  the  Zoom  Extents  button.  See  Figure  6.106. 

note^  The  rectangle  (R2)  is  the  2D  representation  of  a  cylinder  in  cross  section.  The 
circle  is  the  cross-section  profile  of  the  current  loop  (coil),  as  was  shown  earlier  in 
Figure  6.98. 


Height:  0.5 


Base:     '  Corner  l+j 


Physics  Settings 

Select  Physics  >  Scalar  Variables.  Enter  500  in  the  nu_emqa  edit  window.  See 
Figure  6.107.  Click  OK. 

Select  Options  >  Expressions  >  Scalar  Expressions.  Enter  the  scalar  expression 
for  sigma_T  as  shown  in  Table  6.26;  also  see  Figure  6.108.  Click  OK. 


Size 


Width:  0.03 


Height:  0.1 


Base: 


-0.05 


Rotation  angle 


a:  0 


(degrees) 


Style:    1  Solid 


Name:  R2 


f    Help    >    (    Apply   )    (  Cancel  > 


I  FIGURE  6.105  2D  axisymmetric  lnductive_Heating_1  model  Rectangle  edit  window 
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I  FIGURE  6.106  2D  axisymmetric  lnductive_Heating_1  model 


^App  

Name  I  Expression  i  Unit  |  Description 

sigma_htgh        5.67e-8  W/(m2  K4)  Stefan-Boltzmann  constant 

Rg_htgh  8.31451  J/(mol  K)     Universal  gas  constant 


M  Synchronize  equivalent  variables 


(    Help    )    (   Apply   )    (  Cancel  )    (     OK  ) 

I  FIGURE  6.107  2D  axisymmetric  lnductive_Heating_1  model  Application  Scalar  Variables  edit  window 


Table  6.26     Scalar  Expressions  Edit  Window 


sigma_T  1/(r_Cu*(1  +  alpha_Cu*(T-T_ref)))  Electrical  conductivity  copper 


400 


Chapter  6    2D  Simple  Mixed-Mode  Modeling 


I  FIGURE  6.108  2D  axisymmetric  lnductive_Heating_1  model  Scalar  Expressions  edit  window 


note^*-  The  scalar  expression  for  sigma_T  couples  the  resistivity  of  copper  (r_Cu)  and 
the  temperature  (T). 


Physics  Subdomain  Settings:  Azimuthal  Induction  Currents, 
Vector  Potential  (emqa) 

Using  the  menu  bar,  select  Multiphysics  >  Azimuthal  Induction  Currents,  Vector 
Potential  (emqa).  Using  the  menu  bar,  select  Physics  >  Subdomain  Settings  >  Electric 
Parameters.  In  the  Subdomain  edit  windows,  enter  the  information  shown  in  Table 
6.27;  also  see  Figure  6.109.  Click  OK. 

Subdomain  Settings  -  Azimuthal  Induction  Currents,  Vector  Potential  (emqa) 


Equation 


UUKT  -  UJ^E^  +  V  X  (Mo'V'v  XA^-OVXIVXA^)- OV,oop/2lTr  + 


Croups 


iubdomain  selection 


^2  Salact  by  group 

M  Active  in  this  domain 


1     Magnetic  Parameters 


Infinite  Elements 


Electric  material  properties  and  current  sources 
Library  material:  1  \4j    (  load...  ) 


©  D  "  £oE,E    O  0  ■  'o*  +  ' 


Quantity 


Vali 

o 


sigma.  I 


0°-v,E  +  D, 

Unit  Description 

v       Loop  potential 

*/m2  External  current  density 
S,m    electric  conductivity 
1        Relative  permittivity 


(     Help     )     (    Apply    )     (  Cancel  ) 


I  FIGURE  6.109  2D  axisymmetric  lnductive_Heating_1  model  Subdomain  Settings  (2),  Electric  Parameters 
edit  window 
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Table  6.27     Subdomain  Edit  Window 


Subdomain        Name           Expression  Description 

1 

<T 

0 

Electric  conductivity 

2 

(F 

sigma_T 

Electric  conductivity 

q 

(T 

0 

Electric  conductivity 

Table  6.28     Boundary  Settings  Edit  Window 


Boundary          Boundary  Condition          Figure  Number 

1,  3,  5 

Axial  symmetry 

6.110 

2,  7,  9 

Magnetic  insulation 

6.111 

Physics  Boundary  Settings:  Azimuthal  Induction  Currents, 
Vector  Potential  (emqa) 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  In  the  Boundary  Settings  - 
Azimuthal  Induction  Currents,  Vector  Potential  (emqa)  edit  windows,  enter  the  infor- 
mation shown  in  Table  6.28.  Check  the  Interior  boundaries  checkbox.  See  Figures  6.110 
and  6.111. 


I  FIGURE  6.110  2D  axisymmetric  lnductive_Heating_1  model  Boundary  Settings  (1,  3,  5)  edit  window 
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I  FIGURE  6.111  2D  axisymmetric  lnductive_Heating_1  model  Boundary  Settings  (2,  7,  9)  edit  window 

In  the  Boundary  Settings  -  Azimuthal  Induction  Currents,  Vector  Potential  (emqa) 
edit  windows,  enter  the  information  shown  in  Table  6.29.  Click  OK.  See  Figure  6.112. 


Table  6.29     Boundary  Settings  Edit  Window 


10-13               Surface  current                   Js_0  6.112 

I  FIGURE  6.112  2D  axisymmetric  lnductive_Heating_1  model  Boundary  Settings  (10-13)  edit  window 
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Table  6.30     Subdomain  Edit  Window 


jin  Name 

Expressioi 

i  Description 

Figure  Number 

1 

k  (isotropic) 

k_air 

Thermal  conductivity 

6.1 13 

P 

rho_air 

Density 

Cp_air 

Heat  capacity 

2,  3 

k  (isotropic) 

k_Cu 

Thermal  conductivity 

6.114 

P 

rho_Cu 

Density 

cP 

Cp_Cu 

Heat  capacity 

Physics  Subdomain  Settings:  General  Heat  Transfer  (htgh) 

Using  the  menu  bar,  select  Multiphysics  >  General  Heat  Transfer  (htgh).  Using  the 
menu  bar,  select  Physics  >  Subdomain  Settings  >  Conduction.  In  the  Subdomain  edit 
windows,  enter  the  information  shown  in  Table  6.30.  See  Figures  6.113  and  6.114. 


I  FIGURE  6.113  2D  axisymmetric  lnductive_Heating_1  model  Subdomain  Settings  (1 )  edit  window 
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I  FIGURE  6.114  2D  axisymmetric  lnductive_Heating_1  model  Subdomain  Settings  (2,  3)  edit  window 

Select  the  Init  tab.  Select  all  subdomains  (1-3).  Enter  T_ref  in  the  T(t0)  edit 
window.  See  Figure  6.115.  Click  OK. 

Physics  Boundary  Settings:  General  Heat  Transfer  (htgh) 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  In  the  Boundary  Settings  - 
General  Heat  Transfer  (htgh)  edit  windows,  enter  the  information  shown  in  Table  6.31 . 
Click  OK.  See  Figures  6.116  and  6.117. 


Table  6.31     Boundary  Settings  Edit  Window 


1,3,5                Axial  symmetry                    —  6.116 
2,7,9                Temperature                        T_ref  6.117 
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6.  oC  317*1 +  V-(-WTt«0 


T  »  lenipeulurt 


Ciuuui  1 


Suhriftnuin  ™ Iwiinn 


Croup:  ' 


Q  Mltctbyo/oup 

M  Active  in  this  domain 


f  ComJuUkm      Cun»eaion      U-  i  InU  ■    Element  ' 


_)     (    APP*    )     (  <~™r*'  ) 


I  FIGURE  6.115  2D  axisymmetric  InductiveJHeatingJ  model  Subdomain  Settings  (1-3),  Init  edit  window 


I  FIGURE  6.116  2D  axisymmetric  InductiveJHeatingJ  model  Boundary  Settings  (1,  3,  5)  edit  window 
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Mesh  Generation 

On  the  toolbar,  click  the  Initialize  Mesh  button  once.  This  results  in  a  mesh  of  approx- 
imately 1200  elements.  See  Figure  6.118. 

Solving  the  2D  Axisymmetric  Inductive_Heating_l  Model 

Using  the  menu  bar,  select  Solve  >  Solver  Parameters.  The  COMSOL  Multiphysics 
software  automatically  selects  the  Time  dependent  solver. 

note'^  The  COMSOL  Multiphysics  software  automatically  selects  the  solver  best 
suited  for  the  particular  model  based  on  the  overall  evaluation  of  the  model.  The 
modeler  can,  of  course,  change  the  chosen  solver  and  the  parametric  settings.  It  is 
usually  best  to  try  the  selected  solver  and  default  settings  first  to  determine  how  well 
they  work.  Then,  once  the  model  has  been  run,  the  modeler  can  do  a  variation  on  the 
model  parameter  space  to  seek  improved  results. 

Enter  linspace(0,1200,21)  in  the  Times  edit  window.  See  Figure  6.119. 
Click  the  Advanced  tab.  Check  the  Use  complex  functions  with  real  input  check 
box.  See  Figure  6.120.  Click  OK. 


I  FIGURE  6.117  2D  axisymmetric  lnductive_Heating_1  model  Boundary  Settings  (2,  7,  9)  edit  window 
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I  FIGURE  6.118  2D  axisymmetric  InductiveJHeatingJ  model  mesh  window 


Analysis: 
Transient 


Solver 


Siationary 


Time  dependent 


Eigenvalue 
huammk 

Stationary  segregated 
Parametric  segregated 


r_1  Adaptive  mesh  refinement 


Time  Stepping  Advanced 


lime  stepping 

Tiroes: 

Relative  tolerance: 
Absolute  tolerance: 
Q  Allow  complex  numbers 


Linear  system  solver 
I  in*ar  cyUtm  snlvpr 

Preconditions 


Direct  (UMFPACKl 


3 


Scllingi..."^ 


Matrix  symmetry: 


I  FIGURE  6.119  2D  axisymmetric  InductiveJHeatingJ  model  Solver  Parameters  edit  window 
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Analysis: 


Transient 


M  Auto  select  solver 
Solver: 


Stationary 


Time  dependent 


Eigenvalue 
Parametric 

Stationary  segregated 
Parametric  segregated 


Q  Adaptive  mesh  refinement 


_f  General      Time  Stepping  Advanced 


Constraint  handling  method; 
Null-space  function: 
Assembly  block  size: 


5000  ] 
Q  Use  Hermitian  transpose  of  constraint  matrix  and  in  symmetry  detection 
0  Use  complex  functions  with  real  input 
f^l  Stop  if  error  due  to  undefined  operation 
[J  Store  solution  on  file 
Solution  form:  [  Automatic  ^ 

Scaling  of  variables 

Type  of  scaling:  1  Automatic  ^ 

Manual  scaling: 

Row  equilibration:  On 


Q  Manual  control  of  reassembly 

Load  constant  jacobian  constant 

"V*  Constraint  constant  Constraint  Jacobian  constant 

M  Damping  (mass)  constant  0  Mass  constant 


(    Help    )     (   Apply   )     (  Cancel  ) 


I  FIGURE  6.120  2D  axisymmetric  lnductive_Heating_1  model  Solver  Parameters,  Advanced  edit  window 


Time-Dependent  Solving  of  the  2D  Inductive_Heating_l  Model 

Select  Solve  >  Solve  Problem.  See  Figure  6.121. 

Postprocessing  and  Visualization 

The  default  plot  shows  the  temperature  distribution  in  kelvins.  The  temperature  dis- 
tribution can  also  be  shown  in  degrees  Centigrade.  To  do  so,  select  Postprocessing  > 
Plot  Parameters  >  Surface.  Verify  that  the  Surface  plot  check  box  is  checked  and  that 
the  Predefined  quantities  pull-down  list  shows  "Temperature."  Select  "degC"  or  "°C" 
from  the  Unit  pull-down  list.  See  Figure  6.122. 
Click  OK.  See  Figure  6.123. 

Postprocessing  Animation 

Select  Postprocessing  >  Plot  Parameters  >  Animate.  Select  or  verify  that  all  of  the 
solutions  in  the  Solutions  to  use  window  are  selected.  See  Figure  6.124. 
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HiiiimUry  Arrnw  Pnrinp.il  I* 


M  Surface  plot 


Surface  Dau      Height  Dau 


Prnlrfinrri  i|iinnliilp\    '  Temperature 


M  Smooih 


coloring  and  fill 

Coloring:       1  inttrpoUMO  Fill  itvk:       1  HIM  *j 

Surface  color 


©Coloriruc  [  m  jt|   Colon:     1024        fj  Colnr  tub 

O  Uniform  color:     (  r.ili.i     )  I 


I  FIGURE  6.122  2D  axisymmetric  lnductive_Heating_1  model  Plot  Parameters  edit  window 
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I  FIGURE  6.123  2D  axisymmetric  lnductive_Heating_1  model,  degrees  Centigrade 
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I  FIGURE  6.124  2D  axisymmetric  lndiictive_Heating_1  model  Plot  Parameters  edit  window 
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Min  20  II 

I  FIGURE  6.125  2D  axisymmetric  lnductive_Heating_1  model  animation,  final  frame 
Click  the  Start  Animation  button.  See  Figure  6.125. 

Alternatively,  you  can  play  the  file  Movie6_IH_l  .avi  that  was  supplied  with  this 
book. 

First  Variation  on  the  2D  Axisymmetric  Inductive  Heating  Model  

The  following  numerical  solution  model  (Inductive_Heating_2)  is  derived  from  the 
Inductive_Heating_l  model.  This  variation  continues  the  introduction  of  the  coupling 
of  two  important  basic  physical  materials  properties— Joule  heating  and  heat  transfer— 
and  expands  on  these  concepts.  The  coupling  of  these  two  properties  in  this  model 
demonstrates  one  of  the  applications  normally  found  in  typical  engineering  or  process 
research. 


note^  This  model  is  similar  to  the  Inductive_Heating_l  model  in  the  use  of  the 
induction  heating  method.  However,  in  this  case,  the  modeler  will  build  an  inductively 
heated  crucible. 


Modeling  Joule  heating  is  important  in  a  wide  variety  of  physical  design  and 
applied  engineering  problems.  Typically,  the  modeler  desires  to  understand  Joule  heat 
generation  during  a  process  and  either  adds  heat  or  removes  heat  so  as  to  achieve  or 
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Crucible 
Cross  Section 


I  FIGURE  6.126  3D  rendition  of  the  2D  axisymmetric  lnductive_Heating_2  model 


maintain  a  desired  temperature.  Figure  6.126  shows  a  3D  rendition  of  the  2D 
axisymmetric  Inductive_Heating_2  model  geometry,  as  will  be  modeled  here. 

To  start  building  the  Inductive_Heating_2  Model,  activate  the  COMSOL 
Multiphysics  software.  In  the  Model  Navigator,  select  "Axial  symmetry  (2D)"  from  the 
Space  dimension  pull-down  list.  Select  AC/DC  Module  >  Electro-Thermal  Interaction  > 
Azimuthal  Induction  Heating  >  Transient  analysis.  See  Figure  6.127.  Click  OK. 


Model  Navigator 


f  New      Model  Library      User  Models      Open  Settings 


Space  dimension 


Axial  symmetry  (2D) 


"  i  Application  Modes 

►  Q  COMSOL  Multiphysics 

▼  ■  AC/DC  Module 

►  LJ  Statics 

►  L~i  Ouasi-Statics.  Electric 

►  .  n  Quasi-Statics.  Magnetic 

►  [_J  Quasi-Statics.  Electromagnetic 
T        Electro-Thermal  Interaction 

▼  Q]  Azimuthal  Induction  Heating 
Qj  Steady-state  analysis 

►  Q]  Meridional  Induction  Heating 
 ►  Qj  Joule  Heating  


Dependent  variables: 


T  |  Aphidi 


Application  mode  name:  htgh  emqa 
Element: 


AC/DC  Module 


Description: 


A  predefined  combination  of 
application  modes  for  induction 
heating.  Combines  Azimuthal  Induction 
Currents  with  heat  transfer  by 
conduction  for  modeling  of 
electro-thermal  applications  such  as 
induction  heating. 

Transient  analysis. 


[  Lagrange -APhidr;     |+J      (  Multiphysics  ) 


(    Help    )    (  Cancel  ) 


I  FIGURE  6.127  2D  axisymmetric  lnductive_Heating_2  Model  Navigator  setup 
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note^  There  are  two  mode  names  in  the  Application  mode  name  window  (htgh 
emqa).  The  names  in  the  window  show  which  applications  are  coupled  in  this 
application:  General  Heat  Transfer  (htgh)  and  Azimuthal  Induction  Currents,  Vector 
Potential  (emqa) . 


Options  and  Settings 

note^  When  building  a  model,  it  is  usually  best  to  consolidate  the  calculational 
parameters  (e.g.,  constants,  scalar  expressions)  in  a  small  number  of  appropriate, 
convenient  locations  (e.g.,  a  Constants  file,  a  Scalar  Expressions  file)  so  that  they  are 
easy  to  find  and  modify  as  needed.  Because  the  settings  in  the  Constants  and  Scalar 
Expressions  edit  windows  can  be  imported  and  exported  as  text  files,  the  appropriate 
text  file  can  be  modified  in  a  text  editor  and  then  reimported  into  the  correct  Constants 
or  Scalar  Expressions  edit  window. 


Constants 

Using  the  menu  bar,  select  Options  >  Constants.  In  the  Constants  edit  window,  enter 
the  information  shown  in  Table  6.32;  also  see  Figure  6.128.  Click  OK. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  Enter  a  width  of 
0.2  and  a  height  of  0.5.  Select  "Base:  Corner"  and  set  r  equal  to  0  and  z  equal  to  -0.1 
in  the  Rectangle  edit  window.  Click  OK. 

I  Table  6.32     Constants  Edit  Window 


l_0  2.5e2[A]  Coil  current 

dJD  1e-2[m]  Coil  diameter 

c_0  pi*d_0  Coil  circumference 

Js_0  l_0/c_0  Coil  surface  current  density 

T_ref  20[degC]  Reference  temperature 

r_Cu  1 .67e-8[ohm*m]  Resistivity  copper 

alpha_Cu  3.9e-3[1/K]  Resistivity  coefficient  copper 

rho_air  1 .293[kg/mA3]  Density  air  STP 

Cp_air  1.01e3[J/(kg*K)]  Heat  capacity  air 

k_air  2.6e-2[W/(m*K)]  Thermal  conductivity  air 

rho_Cu  8.96e3[kg/mA3]  Density  copper 

Cp_Cu  3.8e2[J/(kg*K)]  Heat  capacity  copper 

k_Cu  3.94e2[W/(m*K)]  Thermal  conductivity  copper 
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Name 

Ex  p  re  s  s  i  o  n 

Value 

1  0 

2.5e2[A 

250IAI 

Coil  current 

d_0 

le-2[ml 

0.01[m) 

Coil  diameter 

c  0 

0.03 1416[m) 

Coil  circumference 

Js  0 

1  0/c  0 

7957.747155[A/m] 

Coil  surface  current  density 

T_ref 

20[degC] 

293.15[KJ 

Reference  temperature 

r  Cu 

1 .6  7e  -  8[ohm*m) 

( 1.67e-8){0  m] 

Resistivity  copper 

alpha_Cu 

3.9e-3[l/Kj 

0.0039[1/K) 

Resistivity  coefficient  copper 

rho_air 

1.293lkg/mM) 

l.£3j|Kg/m  J 

Density  air  STP 

Cp_air 

1  nin3ll(ll/n*l/\l 

l.U  ICjI.J  .  1  kC]  K< 

lUiuu/ikgKjj 

Heat  capacity  air 

k_air 

2.6e-2[W/(m*K» 

0.026[W/(m  K)] 

Thermal  conductivity  air 

rho_Cu 

8.96e3[kg/mA3| 

8960(kg/m3| 

Density  copper 

Cp_Cu 

3.8e2U/(kg*K» 

380U/(kgK)] 

Heat  capacity  copper 

k_Cu 

3.94e2[W/(m*K)] 

394[W/(m  K» 

Thermal  conductivity  copper 

A 

T 

( 

(    Help    )    (  Apply  )        Cancel  )           OW  j 

I  FIGURE  6.128  2D  axisymmetric  lnductive_Heating_2  model  Constants  edit  window 


Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  Enter  a  width  of 
0.1  and  a  height  of  0.25.  Select  "Base:  Corner"  and  set  r  equal  to  0  and  z  equal  to  0.05 
in  the  Rectangle  edit  window.  Click  OK. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Ellipse.  Enter  A-semiaxes 
of  0.1  and  B-semiaxes  of  0.05.  Select  "Base:  Center"  and  set  r  equal  to  0  and  z  equal 
to  0.05  in  the  Ellipse  edit  window.  Click  OK. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  Enter  a  width  of 
0.1  and  a  height  of  0.30.  Select  "Base:  Corner"  and  set  r  equal  to  -0.1  and  z  equal  to  0 
in  the  Rectangle  edit  window.  Click  OK. 

Using  the  menu  bar,  select  Draw  >  Create  Composite  Object.  Enter  El— R3  in  the 
Set  formula  edit  window.  See  Figure  6.129.  Click  OK. 

Using  the  menu  bar,  select  Draw  >  Create  Composite  Object.  Enter  R2+C01  in 
the  Set  formula  edit  window.  Uncheck  the  Keep  interior  boundaries  check  box.  See 
Figure  6.130. 

Click  OK.  See  Figure  6.131. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  Enter  width  of 
0.1-0.005  and  a  height  of  0.25.  Select  "Base:  Corner"  and  set  r  equal  to  0  and  z  equal 
to  0.05  in  the  Rectangle  edit  window.  Click  OK. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Ellipse.  Enter  A-semiaxes 
of  0.1-0.005  and  B-semiaxes  of  0.05-0.005.  Select  "Base:  Corner"  and  set  r  equal  to  0 
and  z  equal  to  0.05  in  the  Ellipse  edit  window.  Click  OK. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  Enter  a  width  of 
0.1  and  a  height  of  0.30.  Select  "Base:  Corner"  and  set  r  equal  to  —0.1  and  z  equal  to  0 
in  the  Rectangle  edit  window.  Click  OK. 
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I  FIGURE  6.129  2D  axisymmetric  lnductive_Heating_2  model  Create  Composite  Object  edit  window 


Using  the  menu  bar,  select  Draw  >  Create  Composite  Object.  Enter  El— R3  in  the 
Set  formula  edit  window.  See  Figure  6.132.  Click  OK. 

Using  the  menu  bar,  select  Draw  >  Create  Composite  Object.  Enter  R2+C02  in 
the  Set  formula  edit  window.  Uncheck  the  Keep  interior  boundaries  check  box.  See 
Figure  6.133. 


Object  type 
@  Solids 
O  Curves 
O  Points 


Object  selection: 


Shortcuts 


3 


(  Intersection  ^1 
(     Select  Ali  ) 


(  Cancel  > 
(  Apply  ) 
(     Help  ) 


Q  Keep  interior  boundaries 
r  □  Repair 

r""lr'°"r'n":  |L0E^U 


I  FIGURE  6.130  2D  axisymmetric  lnductive_Heating_2  model  Create  Composite  Object  edit  window 
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I  FIGURE  6.131  2D  axisymmetric  lnductive_Heating_2  model  (C02) 
Click  OK.  See  Figure  6.134. 

Using  the  menu  bar,  select  Draw  >  Create  Composite  Object.  Enter:  COl— C03 
in  the  Set  formula  edit  window.  Uncheck  the  Keep  interior  boundaries  check  box. 
See  Figure  6.135. 


Object  type 
©  Solids 
O  Curves 
O  Points 


Object  selection: 


FU 
COl 


Create  Composite 


Shortcuts 


c 


J 


(  Intersection 
(     Select  All  > 


Set  formula: 
E1-R3 


3 


(  Cancel  ) 
(    Apply  ) 

 1 


^  Keep  interior  boundaries 


r  □  Repair  — 
Repair  tolerance'  [l.OE-4 

l\m  1  y 


I  FIGURE  6.132  2D  axisymmetric  lnductive_Heating_2  model  Create  Composite  Object  edit  window 
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I  FIGURE  6.133  2D  axisymmetric  lnductive_Heating_2  model  Create  Composite  Object  edit  window 


I  FIGURE  6.134  2D  axisymmetric  lnductive_Heating_2  model  (C01,  C03) 
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Object  type 
M  Solids 
O  Curves 
O  Points 


Object  selection: 


(  Union  ~) 
(  Intersection  ^ 
{     Select  All~) 


(  Cancel  ) 
(    Apply  ) 


Q  Keep  interior  boundaries 
Repair 


Repair  tolerance:  l.OE-4 


I  FIGURE  6.135  2D  axisymmetric  lnductive_Heating_2  model  Create  Composite  Object  edit  window 


Click  OK.  See  Figure  6.136. 

Having  built  the  crucible,  the  next  step  is  to  build  the  first  layer  of  the  heating  coil. 
Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Circle.  Create  each  of  the  cir- 
cles shown  in  Table  6.33. 


I  FIGURE  6.136  2D  axisymmetric  lnductive_Heating_2  model,  crucible 
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Table  6.33    Circle  Edit  Window 


Name 

Base 

f 

z 

C1 

0.005 

Center 

0.11 

0.260 

C2 

0.005 

Center 

0.11 

0.248 

C3 

0.005 

Center 

0.11 

0.236 

C4 

0.005 

Center 

0.11 

0.224 

C5 

0.005 

Center 

0.11 

0.212 

C6 

0.005 

Center 

0.11 

0.200 

C7 

0.005 

Center 

0.11 

0.188 

C8 

0.005 

Center 

0.11 

0.176 

C9 

0.005 

Center 

0.11 

0.164 

C10 

0.005 

Center 

0.11 

0.152 

C11 

0.005 

Center 

0.11 

0.140 

C12 

0.005 

Center 

0.11 

0.128 

C13 

0.005 

Center 

0.11 

0.116 

C14 

0.005 

Center 

0.11 

0.104 

C15 

0.005 

Center 

0.11 

0.092 

C16 

0.005 

Center 

0.11 

0.080 

Building  the  second  layer  of  the  heating  coil  is  easier  than  building  the  first  layer. 
Select  circles  C1-C16.  Using  the  menu  bar,  select  Edit  >  Copy.  Using  the  menu  bar, 
select  Edit  >  Paste.  Enter  r  =  0.01  and  z  =  -0.006.  Click  OK. 

Using  the  menu  bar,  select  Edit  >  Paste.  Enter  r  =  0.02  and  z  =  0.  Click  OK. 
See  Figure  6.137. 

Physics  Settings 

Select  Physics  >  Scalar  Variables.  Enter  500  in  the  nu_emqa  edit  window.  See 
Figure  6.138.  Click  OK. 

Select  Options  >  Expressions  >  Scalar  Expressions.  Enter  the  scalar  expression 
for  sigma_Cu_T  as  shown  in  Table  6.34;  also  see  Figure  6.139.  Click  OK. 


note^  The  scalar  expression  for  sigma_Cu_T  couples  the  resistivity  of  copper  (r_Cu) 
and  the  temperature  (T). 


The  final  geometric  step  is  to  create  a  composite  object.  Using  the  menu  bar, 
select  Draw  >  Create  Composite  Object.  Select  all  of  the  objects.  Check  the  Keep  inte- 
rior boundaries  check  box.  See  Figure  6.140. 
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I  FIGURE  6.137  2D  axisymmetric  lnductive_Heating_2  model,  crucible  and  coil 


Name               Expression            |  Unit          l  Description 

sigma_htgh         5.67e-8                  W/{m2  K4)   Stefan-Boltzmann  constant 
Rg_htgh             8.31451                 J/(mol  K)     Universal  gas  constant 
epsilonO_emqa    8.854187817e-12     F/m            Permittivity  of  vacuum 

M  Synchronize  equivalent  variables 

(    Help    )    (   Apply   )    (  Cancel  )    (     OK  ) 

I  FIGURE  6.138  2D  axisymmetric  lnductive_Heating_2  model  Application  Scalar  Variables  edit  window 
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Table  6.34    Scalar  Expressions  Edit  Window 


Name 

Description 

sigma_Cu_T 

1/(r_Cu*+(1  +  alpha_Cu*(T-T_ref») 

Electrical  conductivity,  Cu 

Click  OK.  See  Figure  6.141. 

Now  that  the  2D  axisymmetric  Inductive_Heating_2  model  geometry  is  built, 
export  it  to  a  file  for  future  use.  Select  File  >  Export  >  Geometry  Objects  to  File.  Enter 
IH_2_Geometry  in  the  Save  as  window.  Select  "DXF  File"  from  the  File  Format  pull- 
down list.  Click  OK. 


n 


Scalar  Expressions 


Name 

Expression 

Unit 

sigma_Cu_T 

l/(r_Cu*(l+alpha_Cu*(T-T_refi» 

S/m 

Electrical  conductivity,  Cu  jr\ 

s 

Q 


(    Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  6.139  2D  axisymmetric  lnductive_Heating_2  model  Scalar  Expressions  edit  window 


Object  type 
W  Solids 
O  Curves 
O  Points 


Object  selection: 


Shortcuts 


( 

Union 

) 

Intersection 

( 

Select  All 

) 

(  Cancel  ) 
(  Apply  ) 
(     Help  ) 


1 


R1+C02+C1+C2+C3+C4+C5+C6+ 

[Vl  Keep  interior  boundaries 
□  Repair 


Repair  tolerance:  1.0E-4 


I  FIGURE  6.140  2D  axisymmetric  lnductive_Heating_2  model  Create  Composite  Object  edit  wi 


window 
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I  FIGURE  6.141  2D  axisymmetric  lnductive_Heating_2  model 


Physics  Subdomain  Settings:  Azimuthal  Induction  Currents, 
Vector  Potential  (emqa) 

Using  the  menu  bar,  select  Multiphysics  >  Azimuthal  Induction  Currents,  Vector 
Potential  (emqa).  Using  the  menu  bar,  select  Physics  >  Subdomain  Settings  >  Electric 
Parameters.  In  the  Subdomain  edit  windows,  enter  the  information  shown  in  Table 
6.35.  Click  OK.  See  Figures  6.142,  6.143,  and  6.144. 
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Table  6.35    Subdomain  Edit  Window 


Subdomain        Name         Expression            Description                      Figure  Number 

1 

0 

Electric  conductivity 

6.142 

2 

a 

sigma_Cu„T 

Electric  conductivity 

6.143 

3-50 

a 

0 

Electric  conductivity 

6.144 

Physics  Boundary  Settings:  Azimuthal  Induction  Currents, 
Vector  Potential  (emqa) 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  In  the  Boundary  Settings  - 
Azimuthal  Induction  Currents,  Vector  Potential  (emqa)  edit  windows,  enter  the  informa- 
tion shown  in  Table  6.36.  Check  the  Interior  boundaries  check  box.  See  Figures  6.145 
and  6.146. 


Table  6.36    Boundary  Settings  Edit  Window 


Figure  Number 

1,  3,  4 

Axial  symmetry 

6.145 

2,  5,  9 

Magnetic  insulation 

6.146 

Filiation 


Uuiff  -  <u2c0Cr>\  +  V  x  (M0  ,M(  *V  x  A^J  -  ov  x  (V  x  A^)  -  0VtMp^nr  +  f9 


|  Subdonwin*  |  Gioup>~ 
Suhdnmain  selection  


Croup 


□  Select  bv  group 

Ml  Active  in  this  domain 


MduneiiL  Pj'  jmcicu 


Ekurii 


3 


Electric  material  properties  and  current  sources 
Library  material 


Constitutive  relation 

0  D  -  W      0  D  -  '0F  +  P  O  D  "  V.F  +  Dr 

Quantity  Value  Expression  Unit  Description 

y 

Loop  potential 
External  (.uiicni  density 
Electric  conductivity 
1        Relative  permittivity 


Cancel 


I  FIGURE  6.142  2D  axisymmetric  lnductive_Heating_2  model  Subdomain  Settings  (1),  Electric  Parameters 
edit  window 
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Equation 

O^o--  w2l0^Av  +  V  x  (Mo'V?  x  A^  -  ov  x  (V  x  A^  -  oV|oop/2lu  +  f  ^ 


mains      Croups  1  ]    Magnetic  Parameters         Electric  Parameters 


Infinite  Elements 


^2  Select  by  group 

!  in  this  domain 


Electric  material  properties  and  current  sources 


Library  material: 


3  ( L°ad- ) 


Constitutive  relation 


Quantity 

V, 


loop 


Value/Expression 


Unit  Description 

V  Loop  potential 

A/m2  External  current  density 

S/m  Electric  conductivity 

1  Relative  permittivity 


(    Help    )    (   Apply  )    (  Cancel  ) 


I  FIGURE  6.143  2D  axisymmetric  lnductive_Heating_2  model  Subdomain  Settings  (2),  Electric  Parameters 
edit  window 


(jujo-  -  w2tQiT)Av  +  V  x  CM,,-1^-1?  x  A^>  -  ov  x  (V  x  A^J  =  oV|oop/2Trr  + 


Croup: 


□  5elect  by  group 

M  Active  in  this  domain 


Magnetic  Parameters 


Infinite  Elements 


Electric  material  properties  and  current  sources 
Library  material:   [  (  Load...  ) 


Constitutive  relation 
@  D  =  £0£fE     Q  D  -  c0E  +  P 
Quantity  Value/Expression 

w 

loop 


D  =  £0EfE  +  Df 
Unit  Description 

Loop  potential 
A/m2  External  current  density 
Electric  conductivity 
Relative  permittivity 


(    Help    )    (   Apply  )    (  Cancel  J 


I  FIGURE  6.144  2D  axisymmetric  lnductive_Heating_2  model  Subdomain  Settings  (3-50),  Electric  Parameters 
edit  window 
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Equation 
r-0 


f  Boundaries  <   Croups  I 


oundary  selection 


Group: 


Tl 


Select  by  group 
[H  Interior  boundaries 


I  Conditions       Material  Properties       Coloi  .'Style  L 


Boundary  sources  and  constraints 


Boundary  condition:  |  Axia, 


I  FIGURE  6.145  2D  axisymmetric  lnductive_Heating_2  model  Boundary  Settings  (1 ,  3,  4)  edit  window 


Boundary  Settings  -  Azimuthal  Induction  Currents,  Vector  Potential  (emqa) 


Equation 


f  Boundaries  i  Groups 
Boundary  selection 
1 


Croup: 


Select  by  group 
fj  Interior  boundaries 


f  Conditions       Material  Properties       Color  .'Style  1_ 
Boundary  sources  and  constraints 


Boundary  condition:  I   Magnetic  insulation  ^ 


(    Help    )    (    Apply   )     (  Cancel  )     {     0*  ) 

I  FIGURE  6.146  2D  axisymmetric  lnductive_Heating_2  model  Boundary  Settings  (2,  5,  9)  edit  window 
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I  Table  6.37    Boundary  Settings  Edit  Window 


Boundary 

Boundary  Condition 

Value 

Figure  Number 

12-203 

Surface  current 

Js_0 

6.147 

I  FIGURE  6.147  2D  axisymmetric  lnductive_Heating_2  model  Boundary  Settings  (12-203)  edit  window 

In  the  Boundary  Settings  -  Azimu thai  Induction  Currents,  Vector  Potential  (emqa) 
edit  windows,  enter  the  information  shown  in  Table  6.37.  See  Figure  6.147. 
Click  OK.  See  Figure  6.148. 

Physics  Subdomain  Settings:  General  Heat  Transfer  (htgh) 

Using  the  menu  bar,  select  Multiphysics  >  General  Heat  Transfer  (htgh).  Using  the 
menu  bar,  select  Physics  >  Subdomain  Settings  >  Conduction.  In  the  Subdomain  edit 
windows,  enter  the  information  shown  in  Table  6.38.  See  Figures  6.149  and  6.150. 


Table  6.38    Subdomain  Edit  Window 


1 

k  (isotropic) 

k_air 

Thermal  conductivity 

6.149 

P 

rho_air 

Density 

Cp 

Cp_air 

Heat  capacity 

2-50 

k  (isotropic) 

k_Cu 

Thermal  conductivity 

6.150 

P 

rho_Cu 

Density 

Cp 

Cp_Cu 

Heat  capacity 
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rf 

a 

□ 


D 
□ 


] 


-07  r,  r,         -01         -r-v.  0  0OS  01  0.1?  0?  nr.  03  0.«  04 


saved  lummjl  Model  Mt  indueinre.Huiing.^.mph 
Exported  oeofTKiiy  to  Me  IH..d>_C«oint«iY.d*f 


I  FIGURE  6.148  2D  axisymmetric  lnductive_Heating_2  model,  coil 


1 


Select  the  Init  tab.  Select  subdomains  1-50.  Enter  T_ref  in  the  T(t0)  edit  window. 
See  Figure  6.151.  Click  OK. 

Physics  Boundary  Settings:  General  Heat  Transfer  (htgh) 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  In  the  Boundary  Settings  - 
General  Heat  Transfer  (htgh)  edit  windows,  enter  the  information  shown  in  Table  6.39. 
Click  OK.  See  Figures  6.152  and  6.153. 


Table  6.39    Boundary  Settings  Edit  Window 


1,  3,  4 

Axial  symmetry 

6.152 

2,  5,  9 

Temperature 

T_ref 

6.153 
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1  -  temperature 


Subdomain  selection 


?  frlrfault) 
]  (default) 

4  (default) 

5  (default) 
b  (default! 

7  (MMQ 

8  (default) 

9  (default) 

10  (default) 

11  default 
17  lilrfrfiill) 

1J  (default) 

14  KiVfauIti 

15  (default) 
10  (default) 

17  (default) 

18  (default! 
14lilpr.mil) 
l  i  rJetaull 


_  Selecr  by  group 

M  Active  in  thu  domain 


Thermal  properties  and  heat  sourccs/sinki 
Library  material 


g  ( LP*...  ^ 


H  *  tKO(ropic)  kuf 

O  >  n«m«cpm  400  0  0  400 


Q 

Opacity 


it  Description 

Tlmt-icallng  coefficient 

w/lm  KJ  TiMfmaKoBdijciivitv 

•tg/m'  rvotit> 

JllkgK) 


1  uriMjni  prattuMI 


I  FIGURE  6.149  2D  axisymmetric  lnductive_Heating_2  model  Subdomain  Settings  (1)  edit  window 


«  


tQuation 


Thermal  properties  and  heat  sources/sinks 


H  *  (isotropic)        k  lu 
O  k  (anisotropic)     400  0  0  400 
P 

0 

Opacttv 


rhn_r,i 


f[._ru 


Qav_emqa 


-  W/im  u  rtlimHIXiCXIH 
w/lm  K)  Th[rmilit0„du[&itv 
kg/m'  rVntiry 

)/<kg  K)  M(fJ1  Mp*tHyiicon»l«m  pmturi 
"  Wrm'  wjnource 


(    Hdp    )    (   Apph,  )    (  Cj-cri  ) 


I  FIGURE  6.150  2D  axisymmetric  lnductive_Heating_2  model  Subdomain  Settings  (2-50)  edit  window 


2D  Inductive  Heating  Considerations  429 


fcupCpaT/at  i  V  1  kVT)  -  Q 
T  -  temperature 


Groupi  \  


'  Conduction  Convection 


Color  ]_ 


I  FIGURE  6.151  2D  axisymmetric  lnductive_Heating_2  model  Subdomain  Settings  (1-50),  Init  edit  window 


tquation 
r-0 


Highly  Conductive  Layer 


constraints 


Library  coefficient 

mundarvrnnrlmon    |  A  ,  rtly 


*0 
h 

Radiation  type: 


Value/ Expression 


'  None 


Croup:   j 

^2  Select  by  group 
Q  Interior  boundaries 


Unit  Description 
W/nt2      Inward  heat  flux 
W/im3  kj  Meat  transfer  coefficient 
Fxlrrn.il  irmftri  4(uir 


Surface  emissivity 


Member  of  group(s); 


tp(itoo_ht9h*ngma_h  W/m' 
1 


iurface  radios ity  expression 


(    Help    )     (   Appry   )     (  Cancel  >     (  OK 

I  FIGURE  6.152  2D  axisymmetric  lnductive_Heating_2  model  Boundary  Settings  (1 ,  3,  4)  edit  window 
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Equation 
T-T„ 


f  Boundaries  Croups 
Boundary  selection- — 


Croup: 
□  Select  by  group 
r]  Interior  boundaries 


f  Boundary  Condition      Highly  Conductive  Layer       Element  Color/Style 


Boundary  sources  and  constraints 


Library  coefficient:  1 
Boundary  condition:  " 


3  Q^D 


Quantity 

«0 

h 

Ti„f 

Radiation  type 


Value/Expression 


T_ref 


Unit 

W/m2 


Description 

Inward  heat  flux 


W/(m   K>  Heat  transfer  coefficient 


Member  of  group(s): 


epsilon_hrgrPsigma_h  W/m2 

  1 


External  temperature 
Temperature 

Surface  emissivity 
Ambient  temperature 
Surface  radiosity  expression 


(    Help    )    (   Appfy   )    (  Cancel  )    (     OK  ) 


I  FIGURE  6.153  2D  axisymmetric  lnductive_Heating_2  model  Boundary  Settings  (2,  5,  9)  edit  window 


Mesh  Generation 

On  the  toolbar,  click  the  Initialize  Mesh  button  once.  This  mesh  yields  approximately 
14,000  elements.  See  Figure  6.154. 

Solving  the  2D  Axisymmetric  Inductive_Heating_2  Model 

Using  the  menu  bar,  select  Solve  >  Solver  Parameters.  The  COMSOL  Multiphysics 
software  automatically  selects  the  Time  dependent  solver. 

note'^  The  COMSOL  Multiphysics  software  automatically  selects  the  solver  best 
suited  for  the  particular  model  based  on  the  overall  evaluation  of  the  model.  The 
modeler  can,  of  course,  change  the  chosen  solver  and  the  parametric  settings.  It  is 
usually  best  to  try  the  selected  solver  and  default  settings  first  to  determine  how  well 
they  work.  Then,  once  the  model  has  been  run,  the  modeler  can  do  a  variation  on  the 
model  parameter  space  to  seek  improved  results . 
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I  FIGURE  6.154  2D  axisymmetric  lnductive_Heating_2  model  mesh  window 


Enter  linspace(0,1200,21)  in  the  Times  edit  window.  See  Figure  6.155. 
Click  the  Advanced  tab.  Check  the  Use  complex  functions  with  real  input  check 
box.  See  Figure  6.156.  Click  OK. 

Time-Dependent  Solving  of  the  2D  Resistive_Heating_2  Model 

Select  Solve  >  Solve  Problem.  See  Figure  6.157. 

Postprocessing  and  Visualization 

The  default  plot  shows  the  temperature  distribution  in  kelvins.  The  temperature  dis- 
tribution can  also  be  shown  in  degrees  Centigrade.  To  do  so,  select  Postprocessing  > 
Plot  Parameters  >  Surface.  Verify  that  the  Surface  plot  check  box  is  checked  and  that 
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Analysis 
1  liansiont 


3 


Hn  Auto  select  solver 
5ulvcf 


Eigenvalue 
Parametric 


Q  Adaptive  mesh  refinement 


Time  Stepping  Advanced 


Time  stepping 


lln*parwr>,l?no.?1> 


Absolute  tolerance 

'  Allow  complex  numben 
Linear  system  solver 

I  mMf  %y<tom  tnlvir       Direct  lUMFPACKi 

Prceonditloner: 


Sellings.. 


(_    Help    )     (   Apply   )     f  Cancel  ) 


I  FIGURE  6.155  2D  axisymmetric  lnductive_Heating_2  model  Solver  Parameters  edit  window 


M  Auto  select  solver 
Solve  r 


Q  Adaptive  mesh  refinement 


Constraint  handling  method 
Null-space  function: 
Assembly  block  size 
G  Use  Herinlllari  trtttHMM  uf  tunsliainl  riulnx  and  in  symmetry  delation 

Use  complex  functions  with  real  Input 
M  Stop  if  error  due  to  undefined  operation 
^2  Stor«  solution  on  file 

Solution  form:  Aiiinmattr  

Staling  uf  variables 


Type  of  scaling: 
Manual  ceiling 
Row  equilibration: 


[  OB 


[J  Manual  control  of  reassembly 

5^  Load  constant  V  Jacobian  constant 

'V'  (  nncrraint  rnnuant  IV*  t"  nnttr amr  prnhian  rnnuant 

V  Damping  irrmil  constant  'V  Man  constant 


(    Help    )    (  Apply  )    (  Cancel  )    (     OK  ) 

I  FIGURE  6.156  2D  axisymmetric  lnductive_Heating_2  model  Solver  Parameters,  Advanced  edit  window 
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I  FIGURE  6.157  2D  axisymmetric  lnductive_Heating_2  model  solution 


the  Predefined  quantities  pull-down  list  shows  "Temperature."  Select  "degC"  or  "°C" 
from  the  Unit  pull-down  list.  See  Figure  6.158. 
Click  OK.  See  Figure  6.159. 

Postprocessing  Animation 

Select  Postprocessing  >  Plot  Parameters  >  Animate.  Select  or  verify  that  all  of  the 
solutions  in  the  Solutions  to  use  window  are  selected.  See  Figure  6.160. 
Click  the  Start  Animation  button.  See  Figure  6.161. 

Alternatively,  you  can  play  the  file  Movie6_IH_2.avi  that  was  supplied  with  this 
book. 

Second  Variation  on  the  2D  Axisymmetric  Inductive  Heating  Model  

The  following  numerical  solution  model  (Inductive_Heating_3)  is  derived  from  the 
Inductive_Heating_2  model.  It  continues  the  introduction  of  the  coupling  of  two 
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General  Surface     j     Contour  Boundary  Arrow  Principal  ►! 


M  Surface  plot 


Height  Data 


Predefined  quantities:  Temperature 
Expression: 
Unit: 


3    (  Range...  ) 
M  Smooth 


Coloring  and  fill 

Coloring:  [  Interpolated  ^  Fill  style:  f  Filled 
Surface  color  — 


@  Colormap:  fet 


Colors:    1024    \    M  Color  scale 


O  Uniform  color:     f  Color...  ) 


(    Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  6.158  2D  axisymmetric  lnductive_Heating_2  model  Plot  Parameters  edit  window 


important  basic  physical  materials  properties— Joule  heating  and  heat  transfer— and 
expands  on  these  concepts.  The  coupling  of  these  two  properties  in  this  model  demon- 
strates one  of  the  applications  normally  found  in  typical  engineering  or  process 
research. 


note^  This  model  is  similar  to  the  Inductive_Heating_2  model  in  the  use  of  the  induc- 
tion heating  method.  However,  in  this  case,  the  modeler  will  build  a  filled  (loaded) 
inductively  heated  crucible .  Here ,  bismuth2 1  >22  is  the  material  of  choice .  Additionally,  the 
crucible  will  be  surrounded  by  nitrogen23  to  prevent  oxidation  of  the  heated  bismuth. 


Modeling  Joule  heating  is  important  in  a  wide  variety  of  physical  design  and 
applied  engineering  problems.  Typically,  the  modeler  desires  to  understand  Joule  heat 
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I  FIGURE  6.159  2D  axisymmetric  lnductive_Heating_2  model,  degrees  Centigrade 

generation  during  a  process  and  either  adds  heat  or  removes  heat  so  as  to  achieve  or 
maintain  a  desired  temperature.  Figure  6.162  shows  a  3D  rendition  of  the  2D 
axisymmetric  Inductive_Heating_3  model  geometry,  as  will  be  modeled  here. 

To  start  building  the  Inductive_Heating_3  model,  activate  the  COMSOL 
Multiphysics  software.  In  the  Model  Navigator,  select  "Axial  symmetry  (2D)"  from 
the  Space  dimension  pull-down  list.  Select  AC/DC  Module  >  Electro-Thermal 
Interaction  >  Azimuthal  Induction  Heating  >  Transient  analysis.  See  Figure  6.163. 
Click  OK. 


note^  There  are  two  mode  names  in  the  Application  mode  name  window  (htgh 
emqa).  The  names  in  the  window  show  which  applications  are  coupled  in  this 
application:  General  Heat  Transfer  (htgh)  and  Azimuthal  Induction  Currents,  Vector 
Potential  (emqa) . 
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I  FIGURE  6.160  2D  axisymmetric  lnductive_Heating_2  model  Plot  Parameters  window 


I  FIGURE  6.161  2D  axisymmetric  lnductive_Heating_2  model  animation,  final  frame 
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Bismuth 


Crucible 


I  FIGURE  6.162  3D  rendition  of  the  2D  axisymmetric  lnductive_Heating_3  model 

Options  and  Settings 
Constants 

Using  the  menu  bar,  select  Options  >  Constants.  In  the  Constants  edit  window,  enter 
the  information  shown  in  Table  6.40;  see  also  Figure  6.164.  Click  OK. 

Select  File  >  Import  >  CAD  Data  From  File  >  IH_2_Geometry.dxf.  Click  the 
Import  button. 

ft  f^i  "  Model  Navigator 


f  New      Model  Library      User  Models      Open  Settings 


Space  dimension:        |  Axial  symmetry  (2D)  ^| 


Application  Modes 
►  Q  COMSOLMultiphysics 
T       AC/DC  Module 

►  Qj  Statics 

►  UJ  Quasi-Statics.  Electric 

►  L^l  Quasi-Statics.  Magnetic 

►  L    I  Quasi-Statics.  Electromagnetic 
T  cj  Electro-Thermal  Interaction 

T  Qj  Azimuthal  Induction  Heating 
Q  Steady-state  analysis 

nmmjiuiwu 

►  [j]  Meridional  Induction  Heating 
 ►  [j  Joule  Heating  


AC/DC  Module 


Description: 


Dependent  variables:  TJ  Aphidr 
Application  mode  name 


Element: 


htgh  emqa 


A  predefined  combination  of 
application  modes  for  induction 
heating.  Combines  Azimuthal  Induction 
Currents  with  heat  transfer  bv 
conduction  for  modeling  of 
electro-thermal  applications  such  as 
induction  heating. 

Transient  analysis. 


Multiphasics 


r    Help    ^     r  Cancel  ^     (     OK  ^1 


I  FIGURE  6.163  2D  axisymmetric  lnductiveJHeating_3  Model  Navigator  setup 
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I  Table  6.40    Constants  Edit  Window 


Name 

Expression 

Description 

l_0 

4e2[A] 

Coil  current 

d_0 

1e-2[m] 

Coil  diameter 

c_0 

pi*d_0 

Coil  circumference 

Js^O 

l_0/c_0 

Coil  surface  current  density 

T_refCu 

20[degC] 

Reference  temperature  Cu 

T_refBi 

OldegC] 

Reference  temperature  Bi 

r_Cu 

1 .67e-8(ohm*m] 

Resistivity  copper 

alpha_Cu 

3.9e-3[1/K] 

Resistivity  coefficient  copper 

rho_N2 

1.25[kg/mA3] 

Density  nitrogen  STP 

Cp_N2 

1.03e3[J/(kg*K)] 

Heat  capacity  N2 

k_N2 

2.512e-2[W/(m*K)] 

Thermal  conductivity  N2 

rho_Cu 

8.96e3[kg/mA3] 

Density  copper 

Cp_Cu 

3.8e2[J/(kg*K)] 

Heat  capacity  copper 

k_Cu 

3.94e2[W/(m*K)] 

Thermal  conductivity  copper 

r_Bi 

1.068e-6[ohm*m] 

Resistivity  Bi  at  TjefBi 

alpha_Bi 

1.7e-3[1/K] 

Temperature  coefficient  Bi 

k_Bi 

8.374[W/(m*K)] 

Thermal  conductivity  Bi 

rho_Bi 

9.8e3[kg/mA3l 

Density  Bi 

Cp_Bi 

1.23e2[J/(kg*K)] 

Heat  capacity  Bi 

Constants 


Value 

LO 

4e2[A) 

400(A) 

Coil  current  . 

d  0 

le-2[m) 

0.01[m) 

Coil  diameter 

c_0 

pi*d_0 

0.031416(m) 

Coil  circumference 

Js_0 

LO/c.O 

12732.395447[A/m] 

Coil  surface  current  density 

T_refCu 

20[degC) 

293.1S(K) 

Reference  temperature  Cu 

T_refBi 

OldegC) 

273.15[K) 

Reference  temperature  Bi 

r_Cu 

1.67e-8|ohm'm| 

(1.67e-8l|Q  m) 

Resistivity  copper 

alpha_Cu 

3.9e-3[l/K| 

0.0039(1/K1 

Resistivity  coefficient  copper 

rho_N2 

1.25|kg/mM| 

1.25(kg/m3| 

Density  nitrogen  STP 

Cp_N2 

1.03e3U/(kg«K» 

I030(J/(kg  Kl) 

Heat  capacity  N2 

k_N2 

2.512e-2[W/(m*K)] 

0.02512[W/(m  Kl) 

Thermal  conductivity  N2 

rho_Cu 

8.96e3|kg/mM| 

8960|kg/m3l 

Density  copper 

Cp_Cu 

3.8e2[J/(kg'K» 

380U/(kg  K)| 

Heat  capacity  copper 

k_Cu 

3.94e2|W/(m*K» 

394|W/(mK)l 

Thermal  conductivity  copper 

r_Bi 

1.068e-6[ohm"m| 

(1.068e-6)|Cl  m) 

Resistivity  Bi  atT_refBi 

alpha_Bi 

1.7e-3|l/Kl 

0.001711/K) 

Temperature  coefficient  Bi 

k_Bi 

8.374[W/(m*K>] 

8.374|W/(m  K)) 

Thermal  conductivity  Bi 

rho_Bi 

9.8e3[kg/m»31 

9800|kg/m3) 

Density  Bi 

Cp.Bi 

1.23e2U/(kg'K)| 

123U/(kg  K)] 

Heat  capacity  Bi 

(    Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  6.164  2D  axisymmetric  lnductive_Heating_3  model  Constants  edit  window 
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I  FIGURE  6.165  2D  axisymmetric  lnductive_Heating_3  model,  imported  crucible  and  coil  with  rectangle 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  Enter  a  width 
of  0.2  and  a  height  of  0.5.  Select  "Base:  Corner"  and  set  r  equal  to  0  and  z  equal 
to  -0.1  in  the  Rectangle  edit  window.  Click  OK.  See  Figure  6.165. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  Enter  a  width 
of  0.1-0.005  and  a  height  of  0.25-0.05.  Select  "Base:  Corner"  and  set  r  equal  to  0  and 
z  equal  to  0.05  in  the  Rectangle  edit  window.  Click  OK. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Ellipse.  Enter  A-semiaxes 
of  0.1-0.005  and  B-semiaxes  of  0.05-0.005.  Select  "Base:  Corner"  and  set  r  equal 
to  0  and  z  equal  to  0.05  in  the  Ellipse  edit  window.  Click  OK. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  Enter  a  width 
of  0.1  and  a  height  of  0.30.  Select  "Base:  Corner"  and  set  r  equal  to  -0.1  and  z  equal 
to  0  in  the  Rectangle  edit  window.  Click  OK. 

Using  the  menu  bar,  select  Draw  >  Create  Composite  Object.  Enter  El— R3  in  the 
Set  formula  edit  window.  Click  OK. 
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I  FIGURE  6.166  2D  axisymmetric  lnductive_Heating_3  model,  bismuth  subdomain  3 


Using  the  menu  bar,  select  Draw  >  Create  Composite  Object.  Enter  R2+C01  in 
the  Set  formula  edit  window.  Verify  that  the  Keep  interior  boundaries  check  box  is  not 
checked.  Click  OK. 

Select  Physics  >  Subdomain  Settings.  Select  subdomain  3  to  verify  that  the  bis- 
muth subdomain  has  been  properly  added.  Click  OK.  See  Figure  6.166. 

Physics  Settings 

Select  Physics  >  Scalar  Variables.  Enter  500  in  the  nu_emqa  edit  window.  See 
Figure  6.167.  Click  OK. 

Select  Options  >  Expressions  >  Scalar  Expressions.  Enter  the  scalar  expressions  for 
sigma_Cu_T  and  sigma_Bi_T  as  shown  in  Table  6.41;  also  see  Figure  6.168.  Click  OK. 
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Table  6.41    Scalar  Expressions  Edit  Window 


Name 

Expression 

Description 

sigma_Cu_T 

1/(r_Cu*(1+alpha_Cu*(T-T_refCu))) 

Electrical  conductivity,  Cu 

sigma_Bi_T 

1/(r_Bi*(1+alpha_Bi*(T-T_refBi))) 

Electrical  conductivity,  Bi 

Name              |  Expression            |  Unit         | Description 

sigma_htgh        S.67e-8                  W/(m2  K4)  Stefan-Boltzmann  constant 
Rg.htgh             8.31451                  J/(mol  K)     Universal  gas  constant 
epsilonO_emqa    8.854187817e-12     F/m           Permittivity  of  vacuum 
muO_emqa         4*pi*le-7                H/m           Permeability  of  vacuum 

M  Synchronize  equivalent  variables 

(     Help     )    (    Apply    )     (  Cancel  >     (     OK  > 

I  FIGURE  6.167  2D  axisymmetric  lnductive_Heating_3  model  Application  Scalar  Variables  edit  window 


note^  The  scalar  expression  for  sigma_Cu_T  couples  the  resistivity  of  copper  (r_Cu) 
and  the  temperature  (T) .  The  scalar  expression  for  sigma_Bi_T  couples  the  resistivity  of 
bismuth  (r_Bi)  and  the  temperature  (T) . 


Physics  Subdomain  Settings:  Azimuthal  Induction  Currents, 
Vector  Potential  (emqa) 

Using  the  menu  bar,  select  Multiphysics  >  Azimuthal  Induction  Currents,  Vector 
Potential  (emqa) .  Using  the  menu  bar,  select  Physics  >  Subdomain  Settings  >  Electric 


I  FIGURE  6.168  2D  axisymmetric  lnductive_Heating_3  model  Scalar  Expressions  edit  window 
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Table  6.42    Subdomain  Edit  Window 


Description 

Figure  Number 

1 

cr 

0 

Electric  conductivity 

6.169 

2 

cr 

sigma_Cu_T 

Electric  conductivity 

6.170 

3 

(J 

sigma_Bi_T 

Electric  conductivity 

6.171 

4-51 

cr 

0 

Electric  conductivity 

6.172 

Parameters.  In  the  Subdomain  edit  windows,  enter  the  information  shown  in  Table  6.42. 
Click  OK.  See  Figures  6.169-6.172. 

Physics  Boundary  Settings:  Azimuthal  Induction  Currents, 
Vector  Potential  (emqa) 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  In  the  Boundary  Settings  - 
Azimuthal  Induction  Currents,  Vector  Potential  (emqa)  edit  windows,  enter  the  informa- 
tion shown  in  Table  6.43.  Check  the  Interior  boundaries  check  box.  See  Figures  6.173 
and  6.174. 


Equation 


(JnW-  Ui2i0fr)A(p  +  V  x  (M0'lMf*ly  x  V  "  ™  X  <V  X  V  "  °Vlaop/2TTr  +  J*V 


Croups 


Subdomain  selection 


: 


3 


Croup: 
^  Select  by  group 
M  Active  in  this  domain 


f    Magnetic  Parameters 


Infinite  Elements 


Electric  material  properties  and  current  sources 


Library  material:  \ 


3  (  jgjj  ) 


Constitutive  relation 

©D-E06rE     OD  =  *0E  +  P 
Vatue/Expression 


Quantity 

V, 


loop 


Unit  Description 

V       Loop  potential 

A/™2  External  current  density 
S'm    Electric  conductivity 
Relative  permittivity 


(    Help    )    (  Apply  )    (  Cancel  ) 


I  FIGURE  6.169  2D  axisymmetric  lnductive_Heating_3  model  Subdomain  Settings  (1 ),  Electric  Parameters 
edit  window 
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Equation 


(Jaw  -  u>2f„EfW\p  +  V  x  (Mo"1","'?  x       -  ov  x  (V  x  Av)  -  oV|oop/2TTr  +  f  f 
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Value/Expression 


g    (  Load...  ) 

O  D  -  *0E,E  +  D, 


Quantity 

v, 


loop 


Unit  Description 

V  Loop  potential 

A/™2  External  current  density 

S/m  Electric  conductivity 

1  Relative  permittivity 


(    He|P    )     (   Apply  )     (  Cancel  )     (     OK  ) 


I  FIGURE  6.170  2D  axisymmetric  lnductive_Heating_3  model  Subdomain  Settings  (2),  Electric  Parameters 
edit  window 


Equation 


Oujcr-  uj^A^  +  V  x  (Uq-V^V  x  Av)  -  ov  x  (V  x  A^)  -  oV|oop/2TTr  + 
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Infinite  Elements 
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Library  material:   1  >vj  ( _  Load...  ^ 

Constitutive  relation 

e  °  ■  eoe,e  o  °  -  eoe  +  p 

Quantity  Value /Expression 


"loop 

u 

a 
Er 


Unit  Description 

V        Loop  potential 

A/""2  External  current  density 


S/m 


Electric  conductivity 


Relative  permittivity 


(    Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  6.171  2D  axisymmetric  lnductive_Heating_3  model  Subdomain  Settings  (3),  Electric  Parameters 
edit  window 
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Table  6.43    Boundary  Settings  Edit  Window 


Boundary 

Boundary  Condition 

1,  3-7 

Axial  symmetry 

6.173 

2,  9,  14 

Magnetic  insulation 

6.174 

Subdomain  Settings  -  Aaimuthal  Induction  Currents.  Vector  Potential  ( 

(Jumj-  uiIt))i|iAv  t  V  x  (g^'p,"1?  x  A^i  -  ov  x  (V  x  A^>  ■  oV)uui,/2nr  +  J* 


|  SufcdoimtM      Groups  1  Magnetic  Parameter}         Ekctrk  Parameters  Infinite  Elements          Forces       ►  [ 

Mihdnmam  tHrmnn  Electric  material  properties 


Library  material 


3  (  <■<"*  ) 


Quantity  Value/E»pression 


OD.l0.rI,O, 
Unit  Description 

v       Loop  potential 

A/mJ  tjueiriaUuucm  density 

~~\  s/m  ntancaMuBMH 


Relative  permittivity 


(    Help    )    (   Apply  )    (  Cancel  ) 


I  FIGURE  6.172  2D  axisymmetric  lnductive_Heating_3  model  Subdomain  Settings  (4-51),  Electric  Parameters 
edit  window 


I  loundama  Croups 


Material  Properties       Color/Style  l_ 


Boundary  sources  and  constraints 

Boundary  condition:  I  Axial, 


(_2*tlp_)    (  Apply  )    (  Caned  ") 


I  FIGURE  6.173  2D  axisymmetric  lnductive_Heating_3  model  Boundary  Settings  (1 ,  3-7)  edit  window 
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Table  6.44    Boundary  Settings  Edit  Window 


Boundary  Condition 

17-208 

Surface  current 

Js_0 

6.175 

MjUnjlPfopt.net       ColorfStyle  L_ 


Boundary  iourcej  and  constraint! 

Boundary  condition:  I  Magnet*  Inflation 


(    Help    ")    (  Apply  ~)    (  Cancel  ) 


I  FIGURE  6.174  2D  axisymmetric  lnductive_Heating_3  model  Boundary  Settings  (2,  9, 14)  edit  window 


In  the  Boundary  Settings  -  Azimuthal  Induction  Currents,  Vector  Potential  (emqa) 
edit  windows,  enter  the  information  shown  in  Table  6.44.  See  Figure  6.175. 
Click  OK.  See  Figure  6.176. 


(    Help    )    (   Apply  )    (  Cancel  ^    (     OK  ) 

I  FIGURE  6.175  2D  axisymmetric  lnductive_Heating_3  model  Boundary  Settings  (17-208)  edit  window 
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imuT»«m  ii  ir  u  j  r»f  i  tm 


I  FIGURE  6.176  2D  axisymmetric  lnductive_Heating_3  model,  coil 


Physics  Subdomain  Settings:  General  Heat  Transfer  (htgh) 

Using  the  menu  bar,  select  Multiphysics  >  General  Heat  Transfer  (htgh).  Using  the  menu 
bar,  select  Physics  >  Subdomain  Settings  >  Conduction.  In  the  Subdomain  edit  windows, 
enter  the  information  shown  in  Table  6.45.  See  Figures  6.177, 6.178,  and  6.179. 


Table  6.45    Subdomain  Edit  Window 


Subdomain 

Description 

Figure  Number 

1 

k  (isotropic) 

k_N2 

Thermal  conductivity 

6.177 

P 

rho_N2 

Density 

Cp 

Cp_N2 

Heat  capacity 

2,  4-51 

k  (isotropic) 

k„Cu 

Thermal  conductivity 

6.178 

P 

rho_Cu 

Density 

Cp 

Cp_Cu 

Heat  capacity 

3 

k  (isotropic) 

k_Bi 

Thermal  conductivity 

6.179 

P 

rho_Bi 

Density 

Cp 

Cp_Bi 

Heat  capacity 
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I  -  temperature 


iUDaomam  sciccuon 

7  Mrfauh. 

3  ide^uic 

4  (default) 

S  (MM 

b  (default) 

7  lilrUili) 

U  (default) 

9  (default) 

10  tdef  auto 

11  (default! 

17  lilrfrfiitil 

II  (default) 

14  MMMQ 

IS  (default) 

lCldefaultl 

I7(defiulii 

IS  (default] 

l4.,!rl..,jlr  * 

(default)  »| 

Crnup    [  1*4 

'JStUct  by  group 

^  Active  in  this  domain 

Thermal  properties  and  heat  sources/ sinks 


Library  material  1 


Value/ Impression 


-*|  (W) 


H  k  inotropic) 
O  klanuotfopict 
P 

Q 


1 


Description 

Tlme-icallng  coetfle  lent 


k 

400  0  0  400 


r,,.N? 


w/lm  10  1  hernul  conductivity 
w/lm  10  Thermal  conductivity 
ko/m'  IVn.ltY 

l/iko  K)  HrjujfMtiiv  m  umiaM  prutfeM 
W/m      Heat  source 


I  FIGURE  6.177  2D  axi symmetric  lnductive_Heating_3  model  Subdomain  Settings  (1)  edit  window 


f^pr  AT/*-*  v-i-kvn-q 
I  -  temperature 


I  Subdomains  Croupi  ',_ 
bubdomam  selection 


I  Conducoon 
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Color  l_ 
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Library 


9  Qojo 
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Ulkg  K)  hmI«4|M(  lly  M  cimsMni  pmsiMl 
Heat  source 


(    Hdp    )    (   *pphr  )  Q^T) 


I  FIGURE  6.178  2D  axisymmetric  lnductive_Heating_3  model  Subdomain  Settings  (2,  4-51)  edit  window 
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I  FIGURE  6.179  2D  axisymmetric  lnductive_Heating_3  model  Subdomain  Settings  (3)  edit  window 

Select  the  Init  tab.  Select  subdomains  1-51.  Enter  T_refCu  in  the  T(tg)  edit  win- 
dow. See  Figure  6.180.  Click  OK. 

Physics  Boundary  Settings:  General  Heat  Transfer  (htgh) 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  In  the  Boundary  Settings  - 
General  Heat  Transfer  (htgh)  edit  windows,  enter  the  information  shown  in  Table  6.46. 
Click  OK.  See  Figures  6.181  and  6.182. 


Table  6.46    Boundary  Settings  Edit  Window 


1,3-7                  Axial  symmetry                      —  6.181 
2,9,14                Temperature                         TjefCu  6.182 
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Equation 

b^gC  dVil  ♦  V  ■  <-WT>  -  O 
T  »  temper jiurc 


|  Sufadom 


Ciuuui 


Croup:  1 


Q  Seltct  by  group 

M  Active  in  (his  domain 


l(V  [|._r.fcu 


J  K  Temperature 
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I  FIGURE  6.180  2D  axisymmetric  lnductiveJHeating_3  model  Subdomain  Settings  (1-51),  Init  edit  window 


I  FIGURE  6.181  2D  axisymmetric  lnductive_Heating_3  model  Boundary  Settings  (1,  3-7)  edit  window 
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Boundary  sources  and  constraints 


Library  coefficient:  [ 
Boundary  condition:  Temperature 
Quantity 
"0 
h 

Ti„f 
T0 

Radiation  type 


Value/Expression 


Unit  Description 

*/m2       Inward  heat  flux 

W/(m2  K)  Heat  transfer  coefficient 
K 


T_refCu 


1  * 


Member  of  group(s): 


epsilon_htgh'sigma_h  W/m2 

  1 


External  temperature 
Temperature 

Surface  emissivity 
Ambient  temperature 
Surface  radiosity  expression 


(    Help    )    (   Apply  )    (  Cancel  ) 


I  FIGURE  6.182  2D  axisymmetric  lnductive_Heating_3  model  Boundary  Settings  (2,  9, 14)  edit  window 


Mesh  Generation 

On  the  toolbar,  click  the  Initialize  Mesh  button  once.  This  mesh  yields  approximately 
13,500  elements.  See  Figure  6.183. 

Solving  the  2D  Axisymmetric  Inductive_Heating_3  Model 

Using  the  menu  bar,  select  Solve  >  Solver  Parameters.  The  COMSOL  Multiphysics 
software  automatically  selects  the  Time  dependent  solver. 

note^  The  COMSOL  Multiphysics  software  automatically  selects  the  solver  best 
suited  for  the  particular  model  based  on  the  overall  evaluation  of  the  model.  The 
modeler  can,  of  course,  change  the  chosen  solver  and  the  parametric  settings.  It  is 
usually  best  to  try  the  selected  solver  and  default  settings  first  to  determine  how  well 
they  work.  Then,  once  the  model  has  been  run,  the  modeler  can  do  a  variation  on  the 
model  parameter  space  to  seek  improved  results. 


Enter  linspace(0,1200,21)  in  the  Times  edit  window.  See  Figure  6.184. 
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I  FIGURE  6.183  2D  axisymmetric  lnductiveJHeating_3  model  mesh  window 
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I  FIGURE  6.184  2D  axisymmetric  lnductive_Heating_3  model  Solver  Parameters  edit  window 
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I  FIGURE  6.185  2D  axisymmetric  lnductive_Heating_3  model  Solver  Parameters,  Advanced  edit  window 


Click  the  Advanced  button.  Check  the  Use  complex  functions  with  real  input 
check  box.  See  Figure  6.185.  Click  OK. 

Time-Dependent  Solving  of  the  2D  Resistive_Heating_3  Model 

Select  Solve  >  Solve  Problem.  See  Figure  6.186. 

Postprocessing  and  Visualization 

The  default  plot  shows  the  temperature  distribution  in  kelvins.  The  temperature  dis- 
tribution can  also  be  shown  in  degrees  Centigrade.  To  do  so,  select  Postprocessing  > 
Plot  Parameters  >  Surface.  Verify  that  the  Surface  plot  check  box  is  checked  and  that 
the  Predefined  quantities  pull-down  list  shows  "Temperature."  Select  "degC"  or  "°C" 
from  the  Unit  pull-down  list.  See  Figure  6.187. 
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I  FIGURE  6.186  2D  axisymmetric  lnductive_Heating_3  model  solution 

Click  OK.  See  Figure  6.188. 
Postprocessing  Animation 

Select  Postprocessing  >  Plot  Parameters  >  Animate.  Select  or  verify  that  all  of  the 
solutions  in  the  Solutions  to  use  window  are  selected.  See  Figure  6.189. 
Click  the  Start  Animation  button.  See  Figure  6.190. 

Alternatively,  you  can  play  the  file  Movie6_IH_3.avi  that  was  supplied  with  this 
book. 

2D  Axisymmetric  Inductive  Heating  Models:  Summary  and  Conclusions 

The  models  presented  in  this  section  of  Chapter  6  have  introduced  the  following 
new  concepts:  AC  induction  and  mixed-materials  modeling.  Previously  introduced 
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I  FIGURE  6.187  2D  axisymmetric  lnductive_Heating_3  model  Plot  Parameters  edit  window 


concepts  included  Ohm's  law,  Joule  heating,  mixed-mode  modeling,  triangular 
mesh,  transient  analysis,  the  good  first  approximation,  and  2D  axisymmetric 
coordinates . 

The  three  2D  axisymmetric  inductive  heating  models  demonstrate  the  differ- 
ence in  level  of  complexity  between  single-coil  and  multi-coil  models.  In  the 
Inductive_Heating_l  model,  the  concept  of  inductively  produced  heating  was 
introduced.  In  the  Inductive_Heating_2  model,  the  concept  of  inductively 
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I  FIGURE  6.188  2D  axisymmetric  lnductive_Heating_3  model  degrees  Centigrade 


produced  heating  as  applied  to  a  practical  application  (a  heated  crucible)  was  used 
to  present  one  example  of  the  diverse  applied  scientific  and  engineering  model 
designs  that  can  be  explored  using  electro-thermal  coupling  and  transient  analysis. 
In  the  Inductive_Heating_3  model,  the  crucible  was  filled  with  a  commonly  used 
metal  for  melting. 

These  models  are  examples  of  the  good  first  approximation  type  of  model.  They 
demonstrate  the  significant  power  of  relatively  simple  physical  principles,  such  as 
Ohm's  law  and  Joule's  law,  when  applied  in  the  COMSOL  Multiphysics  modeling 
environment.  They  could,  of  course,  be  modified  by  the  addition  of  calculations  insu- 
lating materials  and  heat  loss  through  convection,  among  other  changes. 
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I  FIGURE  6.189  2D  axisymmetric  lnductive_Heating_3  model  Plot  Parameters  window 
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I  FIGURE  6.190  2D  axisymmetric  lnductive_Heating_3  model  animation,  final  frame 
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■  Exercises 

1.  Build,  mesh,  and  solve  the  COMSOL  2D  resistive  heating  model  problem 
presented  in  this  chapter. 

2.  Build,  mesh,  and  solve  the  first  variation  of  the  2D  resistive  heating  model  problem 
presented  in  this  chapter. 

3.  Build,  mesh,  and  solve  the  second  variation  of  the  2D  resistive  heating  model 
problem  presented  in  this  chapter. 
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4.  Build,  mesh,  and  solve  the  2D  axisymmetric  inductive  heating  model  presented  in 
this  chapter. 

5.  Build,  mesh,  and  solve  the  first  variation  of  the  2D  axisymmetric  inductive  heat- 
ing model  presented  in  this  chapter. 

6.  Build,  mesh,  and  solve  the  second  variation  of  the  2D  axisymmetric  inductive 
heating  model  presented  in  this  chapter. 

7.  Explore  other  materials  as  applied  in  the  2D  resistive  heating  models. 

8 .  Explore  other  heater  geometries  similar  to  those  seen  in  the  2D  resistive  heating 
models. 

9.  Explore  how  a  change  of  the  gas  (e.g.,  N2  — >  He)  modifies  the  behavior  of  the  2D 
axisymmetric  inductive  heating  model. 

10.  Explore  how  changes  in  the  crucible  geometry  affect  the  heating  rate  of  the  2D 
axisymmetric  inductive  heating  model. 


2D  Complex  Mixed-Mode 
Modeling 


In  This  Chapter 

2D  Complex  Mixed-Mode  Guidelines  for  New  COMSOL®  Multiphysics®  Modelers 
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2D  Electric  Impedance  Sensor  Model:  Basic 
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2D  AC  Generator:  Sector— Static  and  Transient 
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2D  AC  Generator  Sector  Model  (2D_ACGS_2):  Transient 

2D  AC  Generators,  Static  and  Transient  Models: 

Summary  and  Conclusions 


■  2D  Complex  Mixed-Mode  Guidelines  for  New  COMSOL®  Multiphysics® 
Modelers 

2D  Complex  Mixed-Mode  Modeling  Considerations 

In  this  chapter,  the  basic  material  on  2D  modeling  presented  in  Chapters  4, 5,  and  6  will 
be  utilized  and  expanded.  In  the  earlier  chapters,  models  were  built  and  solved  using 
static,  quasi-static,  and  transient  methods.  In  this  chapter,  all  of  those  methods  of  solu- 
tion will  be  employed.  The  physics  of  transient  models  is  intrinsically  more  difficult 
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than  that  for  either  the  static  or  quasi- static  models.  Transient  models  require  a  firmer 
understanding  of  the  underlying  physical  principles  being  modeled  and  a  more  com- 
plete (better)  characterization  of  the  materials  employed  in  the  model. 

note^  In  transient  or  time-dependent  (e.g.,  dynamic,  unsteady)  models,  at  least  one  of 
the  dependent  variables  changes  as  a  function  of  time. 

The  2D  models  in  this  chapter  implicitly  assume,  in  compliance  with  the  laws  of 
physics,  that  the  energy  flow,  the  materials  properties,  the  environment,  and  any  other 
conditions  and  variables  of  interest  are  homogeneous,  isotropic,  or  constant,  unless  oth- 
erwise specified  (e.g.,  time  dependent),  throughout  the  entire  domain  of  interest,  both 
within  the  model  and,  through  the  boundary  conditions,  in  the  environs  of  the  model. 

The  three  models  presented  in  this  chapter— the  2D  electric  impedance  sensor 
model,  the  2D  generator  model,  and  the  2D  generator  sector  model— are  developed 
using  the  AC/DC  Module.  Each  of  these  three  models  introduces  the  modeler  to  dif- 
ferent modeling  aspects  in  the  employment  of  the  AC/DC  Module  to  explore  a  range 
of  similar  design,  test,  and  engineering  problems. 

Electrical  resistance  tomography  is  a  sensing  technology  that  applies  currents, 
measures  the  resulting  voltages  on  the  surface  of  a  body  (e.g.,  inanimate,  animate)  and 
infers  impedances  from  those  data.  This  technology  was  developed  independently  in 
several  diverse  areas  of  study  (geophysics,1  industrial  process  imaging,2  and  medical 
imaging,3  to  name  a  few).  As  a  result,  substantially  the  same  technology  has  come  to 
be  known  by  different  names  in  the  literature  (e.g.,  electrical  resistivity  tomography, 
electrical  resistance  tomography,  electrical  impedance  tomography) .  This  technology 
is  widely  used  in  the  previously  mentioned  areas  and  is  one  of  the  most  promising 
noninvasive  measurement  techniques  available. 

The  2D  electric  impedance  sensor  models,  both  basic  and  advanced,  employ  the 
high-frequency  currents  (1  MHz  alternating  currents  AC4).  These  currents  are  applied 
to  the  material  of  the  modeled  body  to  locate  volumes  that  differ  in  impedance  from 
the  impedance  of  the  bulk  material  by  monitoring  the  local  impedance.  The  basic  2D 
electric  impedance  sensor  model  detects  the  location  of  a  fixed  volume  difference 
area.  The  advanced  2D  electric  impedance  sensor  model  detects  the  location  of  a  fluc- 
tuating difference  volume,  such  as  might  be  seen  in  a  medical  application  measuring 
lung  function.  2D  electric  impedance  tomography  research  is  exploring  the  application 
of  this  measurement  technology  to  the  detection  of  breast  cancer,5  lung  function,6 
brain  function,7  and  numerous  other  areas. 

The  2D  generator  model  introduces  the  modeler  to  rotary  motion  and  the  conver- 
sion of  mechanical  energy  to  electrical  energy.8  The  2D  generator  sector  model 
employs  symmetry  to  reduce  the  geometric  difficulty  of  building  the  generator  model 
and  adds  an  ordinary  differential  equation9  to  handle  the  mechanical  dynamics  and 
calculate  the  torque  caused  by  magnetic  forces. 
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I  FIGURE  7.1  2D  coordinate  system,  plus  time 

2D  Coordinate  System 

In  a  steady-state  solution  to  a  2D  model,  parameters  can  vary  only  as  a  function  of 
position  in  space  (x)  and  space  (y)  coordinates.  Such  a  2D  model  represents  the  para- 
metric condition  of  the  model  in  a  time -independent  mode  (quasi-static) .  In  a  transient 
solution  model,  parameters  can  vary  both  by  position  in  space  (x),  and  space  (y)  and 
in  time  (f);  see  Figure  7.1. 

The  transient  solution  model  is  essentially  a  sequential  collection  of  (quasi-static) 
solutions,  except  that  one  or  more  of  the  dependent  variables  [f(x,  y,  f)]  has  changed 
with  time.  The  space  coordinates  (x)  and  (y)  typically  represent  a  distance  coordinate 
throughout  which  the  model  is  to  calculate  the  change  of  the  specified  observables 
(i.e.,  temperature,  heat  flow,  pressure,  voltage,  current)  over  the  range  of  values 
(xmin  <=  x  <=  xmax)  and  (ymin  <=  y  <=  ymax).  The  time  coordinate  (t)  represents  the 
range  of  values  (fmin  <=  t  <  =  fmax)  from  the  beginning  of  the  observation  period  (fmin) 
to  the  end  of  the  observation  period  (fmax) . 

■  Electrical  Impedance  Theory 


The  concept  of  electrical  impedance,10  as  used  in  alternating  current  (AC)  theory,  is 
an  expansion  of  the  basic  concept  of  resistance  as  exemplified  by  Ohm's  law,11  in 
direct  current  theory. 


note^  Ohm's  law  was  discovered  by  Georg  Ohm  and  published  in  1827: 

V 

I  =  — 
R 

(7.1) 

where        /  =  current  in  amperes  (A) 

V  =  voltage  (electromotive  force)  in  volts  (V) 

R  =  resistance  in  ohms 
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In  AC  theory,  both  voltage  (V)  and  current  (I)  alternate  periodically  as  a  function 
of  time.  Typically,  the  alternating  behavior— frequency  (/)— of  the  voltage  and  current 
are  separately  represented  either  as  a  single  sinusoidal  wave  or  as  a  sum  of  several 
sinusoidal  waves. 

note'^  The  analysis  of  complex  waveforms  is  handled  by  Fourier  analysis.12  That 
topic  will  not  be  presented  here.  However,  modelers  are  encouraged  to  expand  their 
technological  horizons  by  exploring  the  subject  of  waveform  analysis  further. 

In  this  case,  for  clarity,  the  exploration  of  the  concept  of  impedance  will  be  con- 
fined to  single  frequency  analysis.  The  concept  of  impedance  was  developed  and 
named  by  Oliver  Heaviside12  in  1886.  Impedance  was  reformulated  in  the  currently 
used  complex  number  formulation  by  Arthur  E.  Kennelley13  in  1893. 

The  first  factor  that  needs  to  be  considered,  when  expanding  modeling  calculations 
from  the  DC  realm  [frequency  equals  zero  (f  =  0)]  to  the  AC  realm  [frequency  greater 
than  zero  (f>  0)],  is  that  the  resistance  (R)  maps  into  the  impedance  (Z)  as  follows:14 


Z  =  R  +  j  [ooL 
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cjC 


R  +  jX=  (R2  +  x2Yl2e]tw'l(XIR)  (7.2) 
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lirf  =  angular  frequency15 
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inductance  (henry) 
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The  relative  vector-phase  relationship  of  an  AC  voltage  applied  to  a  simple  series 
circuit  containing  resistance,  inductance,  and  capacitance  is  shown  in  Figure  7.2. 


/*  a)*L  =  I*XL 
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-1*1 


—  —I  *  Xr 
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E  =  I*R  +  j*I[co*L  -  l/(o*C)] 


I  FIGURE  7.2  AC  voltage  resistive/reactive  vector  phase  diagram 
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A  second  factor  that  needs  to  be  considered  by  the  modeler,  when  modeling  in  the 
AC  realm,  is  the  skin  depth  (S).17  In  any  material,  as  a  function  of  the  complex  per- 
mittivity,18 electromagnetic  waves  (AC)  will  be  attenuated  (i.e.,  dissipated,  turned  into 
heat)  and  shifted  in  phase  as  a  function  of  the  distance  (depth)  traveled  in  that  materi- 
al. As  an  example,  for  a  transverse  electromagnetic  wave  propagating  in  the  z  direc- 
tion, the  voltage  relationship  would  be  expressed  as  follows: 

Ex  =  E0*e~kz  =  E0*e'az*e~J*l3z  (7.3) 


where 
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For  a  good  conductor,  where  1  «  a  I cos,  the  l's  in  the  preceding  equation  can  be 
ignored  and  a  becomes 


a 


coffer 

2 


(7.4) 


The  skin  depth  (S)  is  the  point  at  which  the  amplitude  decreases  to  E0*  e  1  and, 
therefore, is 


5  =  i 

a 


(7.5) 


The  first  example  presented  in  this  chapter,  the  basic  2D  electric  impedance  sensor 
model  (2D_EIS_1  model),  explores  the  sensing  of  multiple  small- volume  differential 
conductivity  regions.  The  model  is  solved  for  a  material  that  has  a  bulk  conductivity  of 
1  e~3  S/m.  The  model  is  implemented  using  the  AC/DC  Module  Small  In-Plane 
Currents  Application  Mode  and  solved  using  a  Stationary  solver. 
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In  the  advanced  2D  electric  impedance  sensor  model  (2D_EIS_2  model),  a  new 
quasi-static  model  is  built  to  explore  a  configurational  change  using  the  AC/DC  Module 
Small  In-Plane  Currents  Application  Mode  and  solved  using  a  Parametric  solver. 

2D  Electric  Impedance  Sensor  Model:  Basic 

The  following  numerical  solution  model  (2D_EIS_1)  is  derived  from  a  model  that  was 
originally  developed  by  COMSOL®  as  a  Multiphysics®  General  Industrial  Applications 
demonstration  model.  That  model  was  developed  for  distribution  with  the  Multiphysics 
software  as  a  COMSOL  Multiphysics  model  in  the  AC/DC  Module  Model  Library. 

note^  As  mentioned  earlier  in  this  chapter,  knowing  the  skin  depth  (<5)  model 
limitations  is  important.  For  this  model,  the  parameters  are  as  follows: 


a)  =  2irf  =  2*3.14159*1E6  =  9.9892E7  (7.6) 
ix  =  4ttE  -  7  [H/m]  =  1.2566E  -  6  [H/m]  (7.7) 
o-  =  IE  -  3  [S/m]  (7.8) 


» .  m' .  (- 


 2  

9892E7*1.2566E  -  6*1E  -  3, 
=  15.933  [m]  (7.9) 


Because  the  largest  dimensions  in  the  model  are  approximately  1  meter  (m) ,  the 
skin  depth  (§)  consideration  will  pose  no  problem  and  will  not  have  to  be  factored  into 
the  calculation.  (This  is  a  first  principles  observation.) 


To  start  building  the  2D_EIS_1  model,  activate  the  COMSOL  Multiphysics  soft- 
ware. In  the  Model  Navigator,  select  "2D"  (the  default  setting)  from  the  Space  dimen- 
sion pull-down  list.  Select  AC/DC  Module  >  Quasi-Statics,  Electric  >  In-Plane 
Electric  Currents  >  Time-harmonic  analysis.  See  Figure  7.3.  Click  OK. 

Constants 

Using  the  menu  bar,  select  Options  >  Constants.  In  the  Constants  edit  window,  enter 
the  information  shown  in  Table  7.1;  see  also  Figure  7.4.  Click  OK. 

note^  When  building  a  model,  it  is  usually  best  to  consolidate  the  calculational 
parameters  (e.g.,  constants,  scalar  expressions)  in  a  small  number  of  appropriate, 
convenient  locations  (e.g.,  a  Constants  file,  a  Scalar  Expressions  file)  so  that  they  are 
easy  to  find  and  modify  as  needed.  Because  the  settings  in  the  Constants  and  Scalar 
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Model  Navigator 


Space  dimension 


_Jj  Application  Modes 
►  |__J  COM50L  Multiphasics 
T  gAC/DC  Module 

►  ft  Statics 

▼  B  Quasi-Statics,  Electric 

▼  Q]  In-Plane  Electric  Currents 

nHBWm.UMU.Hll 

Q]  Transient  analysis 
►  [j  Small-signal  analysis 

►  £j  Quasi-Statics,  Magnetic 

►  ^  Quasi-Statics,  Electromagnetic 

►  L_  Rotating  Machinery 

►  ^  Electro-Thermal  Interaction 


Dependent  variables: 


Quasi-statics  of  conducting  and 
dielectric  materials  with  small  currents 
in  the  plane  and  a  negligible  coupling 
between  the  electric  and  magnetic 
fields. 

Time-harmonic  analysis. 


Application  mode  name:  emqvw 
Element:  j  Lagrange  -  Quadra...  +j      (  Mult  .physics  ~) 


I  FIGURE  7.3  2D_EIS_1  Model  Navigator  setup 


Expressions  edit  windows  can  be  imported  and  exported  as  text  files,  the  appropriate 
text  file  can  be  modified  in  a  text  editor  and  then  reimported  into  the  correct  Constants 
or  Scalar  Expressions  edit  window. 


Table  7.1     Constants  Edit  Window 


sig_bulk 

1  [mS/m] 

Bulk  conductivity 

eps_r_bulk 

5 

Relative  permittivity  in  bulk 

x_0 

-0.35[m] 

x  position  of  cavity  center 

y_0 

-0.15[m] 

y  position  of  cavity  center 

r_0 

0.09[m] 

Cavity  radius 

x_1 

0.0[m] 

x  position  of  cavity  center 

y_i 

-0.3[m] 

y  position  of  cavity  center 

r_1 

0.12[m] 

Cavity  radius 

x_2 

0.35[m] 

x  position  of  cavity  center 

y_2 

-0.15[m] 

y  position  of  cavity  center 

r_2 

0.06[m] 

Cavity  radius 

466 


Chapter  7    2D  Complex  Mixed-Mode  Modeling 


Constants 


XJJ 


y.o 

r_0 
x_l 

y_i 
r_l 
x  2 


Expression 


Value 


Description 


l[mS/m 


-0.35|m] 


-0.15|m| 


0.09[ml 


0.0[nnl 
-0.3|m] 
0.12|ml 
0.35|m] 


O.OOllS/m) 
5 

-0.35[m| 
-0.15[m| 
0.09|m| 
0[m| 
-0.3[m] 
0.12[m] 
0.35[m| 
-0.15[m] 
0.06[m] 


Bulk  conductivity 

Relative  permittivity  in  bulk 

x  position  of  cavity  center 

y  position  of  cavity  center 

Cavity  radius 

x  position  of  cavity  center 

y  position  of  cavity  center 

Cavity  radius 

x  position  of  cavity  center 


I  FIGURE  7.4  2D_EIS_1  model  Constants  edit  window 

Select  File  >  Save  As.  Enter  2D_EIS_1  in  the  Save  As  edit  window.  See  Figure  7.5. 
Click  the  Save  button. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  Enter  a  width  of 
1.0  and  a  height  of  0.5.  Select  "Base:  Corner"  and  set  x  equal  to  -0.5  and  y  equal  to 
—0.5  in  the  Rectangle  edit  window.  See  Figure  7.6. 

Click  OK,  and  then  click  the  Zoom  Extents  button.  See  Figure  7.7. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Point.  In  the  Point  edit  win- 
dow, enter  x:  -0.01  space  0.01,  y:  0  space  0.  See  Figure  7.8. 

Click  OK.  See  Figure  7.9. 


I  FIGURE  7.5  2D_EIS_1  model  Save  As  edit  window 
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Size- 


Height:  1 0.5 


Position 

Base:      '  Corner 


-0.5 


Rotation  angle 


(degrees! 


Style:    !  Sol 


I  FIGURE  7.6  2D_EIS_1  model  Rectangle  edit  window 


note^  The  rectangle  is  the  2D  representation  of  a  3D  rectangular  body  in  cross 
section.  The  points  are  added  to  the  2D  rectangle  to  define  the  location  of  the  electrode 
(between  the  points)  on  the  boundary  of  the  rectangle. 


I  FIGURE  7.7  2D_EIS_1  model  rectangle 
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I  FIGURE  7.8  2D  EIS  1  model  Point  edit  window 


Physics  Settings:  Scalar  Expressions 

Using  the  menu  bar,  select  Options  >  Expressions  >  Scalar  Expressions.  In  the  Scalar 
Expressions  edit  window,  enter  the  information  shown  in  Table  7.2;  see  Figure  7.10. 
Click  OK. 

Physics  Settings:  Scalar  Variables 

Select  Physics  >  Scalar  Variables.  Enter  le6  in  the  nu_emqvw  Application  Scalar 
Variables  edit  window.  See  Figure  7.11.  Click  OK. 


I  FIGURE  7.9  2D_EIS_1  model  rectangle  and  points 
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Table  7.2     Scalar  Expressions  Edit  Window 


Description 

sigmaJD 

sig_bulk*(((x-xJ))A2- 

Hy-y_0)A2)>r_0A2) 

Conductivity  bulk 

epsilon_r_0 

1+(eps_r_bulk-1)*(((x 

-x_0)A2  +  (y-y_0)A2)>r_0A2) 

Permittivity  relative 

sigma_1 

sig_bulk*(((x-x_1)A2- 

Ky-y_1)A2)>r_1  A2) 

Conductivity  bulk 

epsilon_r_1 

1+(eps_r_bulk-1)*(((x 

-x_1)A2  +  (y-y_1)A2)>r_2A2) 

Permittivity  relative 

sigma_2 

sig_bulk*(((x-x_2)A2- 

Hy-y_2)A2)>r_1  A2) 

Conductivity  bulk 

epsilon_r_2 

1+(eps_r_bulk-1)*(((x- 

-x_2)A2  +  (y-y_2)A2)>r_2A2) 

Permittivity  relative 

sigma_tot 

(sigma_0+sigma_1  +sigma_2)/3 

Conductivity  total 

epsilon_r_tot 

(epsilon_r_0+epsilon_ 

r_1+epsilon_r_2)/3 

Permittivity  total 

Name 

{ Expression 

Unit 

|  Description 

sigma_0 

sig_bulk"(«x-x_0)A2+(y-y_0)A2)>r_0A2) 

S/m 

Conductivity  bulk 

epsilon_r_0 

l  +  (eps_r_bulk-l),(((x-x_0)A2  +  (v-y_0)'>2)>r_0A2) 

Permittivity  relative 

sigma_l 

sig.bulk*(((x-x_l)A2  +  (y-y_l)«2)>r_l'2) 

S/m 

Conductivity  bulk 

epsilon_r_l 

l  +  (eps_r_bulk-l)'(((x-x_l)«2  +  (y-y_l)'2)>r_2A2) 

Permittivity  relative 

sigma_2 

sig_bulk,(((x-x_2)^2  +  (y-y.2)A2)>r_lA2l 

S/m 

Conductivity  bulk 

epsilon_r_2 

l  +  (eps_r_bulk-l)*(«x-x_2>A2  +  (y-y_2)*2>>r_2A2> 

Permittivity  relative 

sigma_tot 

(sigma_0  +  sigma_l  +  sigma_2)/3 

S/m 

Conductivity  total 

epsilon_r_tot  (epsilon_r_0  +  epsilon_r_l  +  epsilon_r_2)/3 

Permittivity  total 

&  y 

(  Hel[ 

'    )  ( 

Apply  j 

^  Cancel  N     (  OK 

I  FIGURE  7.10  2D_EIS_1  model  Scalar  Expressions  edit  window 


I  FIGURE  7.11  2D_EIS_1  model  Application  Scalar  Variables  edit  window 
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Table  7.3    Subdomain  Edit  Windows 


Expression 

Description 

a  (isotropic) 

sigma_tot 

Electrical  conductivity 

sr  (isotropic) 

epsilon_r_tot 

Relative  permittivity 

Physics  Subdomain  Settings:  In-Plane  Electric  Currents  (emqvw) 

Having  established  the  geometry  for  the  2D_EIS_1  model  of  a  block  with  an  elec- 
trode, the  next  step  is  to  define  the  fundamental  Physics  conditions.  Using  the  menu 
bar,  select  Physics  >  Subdomain  Settings.  Select  subdomain  1  in  the  Subdomain  selec- 
tion window  (the  only  available  subdomain).  In  the  Subdomain  edit  windows,  enter 
the  information  shown  in  Table  7.3. 

Click  the  D  =  EqEjE  radio  button.  See  Figure  7.12.  Click  OK. 

Physics  Boundary  Settings:  In-Plane  Electric  Currents  (emqvw) 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  For  the  indicated  boundaries, 
select  or  enter  the  given  boundary  condition  and  value  as  shown  in  Table  7.4.  See 
Figures  7.13,  7.14,  and  7.15. 


Equation 

-V  ■  d((CT  +  jujE^Epw  -  Je)  =  dQj 


f  Subdomains  Croups 
Subdomain  selection 


Croup:  * 
'_'  Select  by  group 
M  Active  in  this  domain 


Physics      Infinite  Elements      Forces      init  Element 


Material  properties  and  sources 
Library  material:  I 


Constitutive  relation 

e  d  -  eoe,e  o  °  -  coe + p 


OD  =  E0E-E  +  D. 

Unit  Description 

A/m2  External  current  density 
A/m3  Current  source 


Thickness 

Electric  conductivity 

Relative  permittivity 


(    Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  7.12  2D_EIS_1  model  Subdomain  Settings  edit  window 


Table  7.4    Boundary  Settings  - 
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Boundary 

Boundary  Condition 

1,  2,  6 

Ground 

7.13 

3,  5 

Electrical  insulation 

7.14 

4 

Port 

7.15 

Filiation 
V-Q 


Rniinrlary  sefcrrinn  Boundary  sources  and  constraints 


I  FIGURE  7.13  2D_EIS_1  model  Boundary  Settings  (1 ,  2,  6)  edit  window 


n  J-u 


*nund.iry  telertinn 

1 

2 

4 

6 

Croup:                      Z  } 

□  Select  bv  qroup 

Q  Interior  boundaries 

  (  ComiKion*  h    Putt       Cuim/Siyfc  1  

sources  and  constraints 
Boundary  luridiuon    [  Flmrir  intutatinn  t  ) 


(     Hrip     )     (    Apply   )     (  Cancel  ) 

I  FIGURE  7.14  2D_EIS_1  model  Boundary  Settings  (3,  5)  edit  window 


472 


Chapter  7    2D  Complex  Mixed-Mode  Modeling 


Fquatinn 


1 

2 

3 

i 

6 

Group  : 

□  St\*a  by  group 

77  Interior  boundaries 

and  constraint! 


BuuiiJjiv  t-undiliun 


Port      Culul /Style  |_ 


(     Hdp     )     (    Apply    )     (   Canc.l  ) 

I  FIGURE  7.15  2D_EIS_1  model  Boundary  Settings  (4)  edit  window 


Select  the  Port  tab.  Check  Use  port  as  input.  Select  "Fixed  current  density"  from 
the  input  property  pull-down  list.  See  Figure  7.16.  Click  OK. 

Mesh  Generation 

From  the  toolbar,  select  Mesh  >  Free  Mesh  Parameters  >  Global.  Select  Predefined 
mesh  sizes  >  Normal  (from  the  pull-down  list).  Select  "Custom  mesh  size."  Enter  0.01 
in  the  Maximum  element  size  edit  window.  See  Figure  7.17. 

Click  the  Remesh  button,  and  then  click  OK.  See  Figure  7.18. 


Foliation 

ivy  area-  I  ■  I 


'  Boundaries  Gruups 
Boundary  t*Ur tinn 


Croup: 


ID 


□  Select  by  qroup 
77  Interior  boundaries 


Colur/Slyle  l_ 


Port  definition 


Use  port  as  input 

Input  property    '  Fi.ed  umenl  density  ^ 


(     Hdp     )    (    Apply   )    (  Cane.1  ) 

I  FIGURE  7.16  2D_EIS_1  model  Boundary  Settings  (Port)  edit  window 
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Free  Meih  Parameter* 


SubJunvdin       Buunddtv       Puini  Advanced 


'  Normal 


(_)  Predefined  m«h  ftatst 
@  Custom  mesh  sire 
Maximum  rlwwnt  |||W  |0.Q1 
Maximum  element  size  scaling  factor  1 
Element  qrowth  rate 
Mesh  curvature  factor: 
Mesh  curvature  curoff: 
Roululiun  of  nairow  ieyion>. 


0.001 


M  Optimise  quality 

Refinement  method    [  Regular 


X1 


I   Reset  to  Defaults  )    (         Remesh         )     (     Mesh  Selected  ) 


I  FIGURE  7.17  2D_EIS_1  model  Free  Mesh  Parameters  edit  window 
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I  FIGURE  7.19  2D_EIS_1  model  Solver  Parameters  edit  window 

Solving  the  2D_EIS_1  Model 

Using  the  menu  bar,  select  Solve  >  Solver  Parameters. 

note^  The  COMSOL  Multiphysics  software  automatically  selects  the  solver  best 
suited  for  the  particular  model  based  on  the  overall  evaluation  of  the  model.  The 
modeler  can,  of  course,  change  the  chosen  solver  and  the  parametric  settings.  It  is 
usually  best  to  try  the  selected  solver  and  default  settings  first  to  determine  how  well 
they  work.  Then,  once  the  model  has  been  run,  the  modeler  can  do  a  variation  on  the 
model  parameter  space  to  seek  improved  results. 

Select  "Stationary  Solver."  See  Figure  7.19.  Click  OK. 

Using  the  menu  bar,  select  Solve  >  Solve  Problem.  See  Figure  7.20. 

Postprocessing  and  Visualization 

The  default  plot  shows  a  surface  plot  of  the  electric  potential  (V)  distribution  in  volts. 
To  visualize  the  detected  regions  of  differential  conductivity,  the  plot  parameters  will 
need  to  be  modified. 
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I  FIGURE  7.20  2D_EIS_1  model  solution 

Select  Postprocessing  >  Plot  Parameters  >  Surface.  Select  "Total  current  density, 
norm"  from  the  Predefined  quantities  pull-down  list.  Change  the  expression  in  the  edit 
window  from  normJ_emqvw  to  20*loglO(normJ_emqvw).  Click  the  Range  button. 
Unselect  the  Auto  check  box.  Enter  -35  in  the  Min  edit  window  and  35  in  the  Max 
edit  window;  see  Figure  7.21.  Click  OK. 

Select  "wave"  from  the  Colormap  pull-down  list.  See  Figure  7.22. 

Click  OK.  See  Figure  7.23. 

Basic  2D  Electric  Impedance  Sensor  Model:  Summary  and  Conclusions 

The  basic  2D  electric  impedance  sensor  model  has  been  built  and  operated.  This 
model  employs  a  high-frequency  current  (1  MHz  alternating  current  AC)  to  explore 
the  differential  impedance  within  the  body  of  a  material  in  a  noninvasive  manner. 
Such  1  MHz  currents  are  applied  to  the  material  of  the  modeled  body  to  locate  vol- 
umes that  differ  in  impedance  from  the  impedance  of  the  bulk  material  by  monitoring 
the  local  impedance,  as  shown  in  Figure  7.23.  The  basic  model  shows  the  location  of 
three  areas  of  fixed-volume  impedance  difference. 
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(7 J  Auto 

Min:  -35 


Max:  35 


I  FIGURE  7.21  2D_EIS_1  model  solution,  Color  Range  edit  window 


General         Surface         Contour         Boundary         Arrow         Principal  ►""t 


I  Surface  plot 


Coloring  and  fill 


Coloring:       '  Interpolated  Fill  style:       1  Filled  ^ 


Surface  color 


®  Colormap:  [  wave  Colors:    1024        fS(  Color  scale 

O  Uniform  color:     f  Color...  ^  I 


(    Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  7.22  2D  EIS  1  model  solution  Plot  Parameters  edit  window 
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Hn:  -35.0 


Saved  COMSOL  Model  file  2D  CIS  l.mph 
Expression  V  is  undefined  m7-O.057104.-0.61.5164) 

Saved  COMSOL  Model  file  iD.EIS.l.mph   

(0.435.-0.599)  |       |       |  EQUAL  |SNAP  | 

I  FIGURE  7.23  2D_EIS_1  model  solution  with  detected  areas 


2D  Electric  Impedance  Sensor  Model:  Advanced 

To  start  building  the  2D_EIS_2  model,  activate  the  COMSOL  Multiphysics  software. 
In  the  Model  Navigator,  select  "2D"  (the  default  setting)  from  the  Space  dimension 
pull-down  list.  Select  AC/DC  Module  >  Quasi-Statics,  Electric  >  In-Plane  Electric 
Currents  >  Time-harmonic  analysis.  See  Figure  7.24.  Click  OK. 

Constants 

Using  the  menu  bar,  select  Options  >  Constants.  In  the  Constants  edit  window,  enter 
the  information  shown  in  Table  7.5;  see  also  Figure  7.25.  Click  OK. 

Select  File  >  Save  As.  Enter  2D_EIS_2  in  the  Save  As  edit  window.  See  Figure  7.26. 
Click  the  Save  button. 
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Model  Navigator 


Space  dimension 


(  New      Model  Library      User  Models      Open  Settings 
f  20  N 


3  Application  Modes 
►  Q  COMSOL  Multiphysics 
T  H  AC/DC  Module 

►  £j  Statics 

T  ■  Quasi-Statics,  Electric 

T  Q|  In-Plane  Electric  Currents 

Q]  Transient  analysis 
►   Q]  Small-signal  analysis 

►  i_J  Quasi-Statics,  Magnetic 

►  _  Quasi-Statics.  Electromagnetic 

►  B|  Rotating  Machinery 

►  Electi  o  Thermal  Intel  action 


Descriptio  n 


Quasi-statics  of  conducting  and 
dielectric  materials  with  small  currents 
in  the  plane  and  a  negligible  coupling 
between  the  electric  and  magnetic 
fields. 

Time-harmonic  analysis. 


Dependent  variables: 
Application  mode  name:  emqvw 
Element:  I  Lagrange  -  Quadra...  |+j      (  Multiphysics 


I  FIGURE  7.24  2D_EIS_2  Model  Navigator  setup 


Help    )     (  Cancel  ) 


Table  7.5    Constants  Edit  Window 


Name 

Expression 

Description 

sig_bulk 

1  [mS/m] 

Bulk  conductivity 

eps_r_bulk 

5 

Relative  permittivity  in  bulk 

x_0 

-0.12[m] 

x  position  of  cavity  center 

y_o 

0[m] 

y  position  of  cavity  center 

r_0 

0.07[m] 

Cavity  radius 

x_1 

0.12[m] 

x  position  of  cavity  center 

y_i 

0[m] 

y  position  of  cavity  center 

r_1 

0.07[m] 

Cavity  radius 

t_0 

0 

Time  init 
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Name 

Expression 

Value 

Description 

sig_bulk 

l(mS/ml 

0.001[S/m) 

Bulk  conductivity 

IT) 

eps_r_bulk 

S 

5 

Relative  permittivity  in  bulk 

x_0 

-0.12[m) 

-0.12[m) 

x  position  of  cavity  center 

v_o 

0[m] 

0[m] 

y  position  of  cavity  center 

r_0 

0.07[m) 

0.07[m) 

Cavity  radius 

x_i 

0.12[m) 

0.12[m) 

x  position  of  cavity  center 

nlml 
uimj 

y  position  of  cavity  center 

r_l 

0.07[m| 

0.07[m) 

Cavity  radius 

t_o 

0 

o 

Time  init 

r 

H.IP     )  ( 

Apply  )    (  Cancel  )  f 

I  FIGURE  7.25  2D_EIS_2  model  Constants  edit  window 


Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Ellipse.  Enter  A-semiaxes 
of  0.3  and  B-semiaxes  of  0.15.  Select  "Base:  Center"  and  set  x  equal  to  0  and  y  equal 
to  0  in  the  Ellipse  edit  window.  See  Figure  7.27. 

Click  OK,  and  then  click  the  Zoom  Extents  button.  See  Figure  7.28. 


Save  As: 


9_Models 


D 
D 
1 
_ 
D 
_ 


2D_EIS_l.mph 


EIS_2b_Consnnts.txt 

EIS_2b_SV.txt 

EfT_2a.mph 

EfT_2a_Consunts.txt 

Err_2a_SV.txt 

Generator_2D_l.mph 

Cenerator_2D_l.mphbin 

Generaior_2D.l_Geometry.dxf 

Generaior_2D_2.mph 

Generator_Sector_la.mph 

Generator_Sector_lb.mph 

Generator_Sector_2b.mph 


Date  Modified 


Friday.  March  6.  2009  7:54  AM 
Friday.  March  6.  2009  2:05  PM 
Sunday.  March  I,  2009  11  07  AM 
Thursday.  March  5.  2009  2  18  PM 
Thursday.  March  5.  2009  2  14  PM 
Monday.  March  2.  2009  3  39  PM 
Thursday.  March  5.  2009  2  16  PM 
Thursday.  March  5.  2009  2  16  PM 
Thursday.  February  19.  2009  7  04  AM 
Thursday.  February  19.  2009  5  04  PM 
Wednesday.  February  18.  2009  7  36  PM 
Thursday.  February  19.  2009  7  32  AM 
Friday.  February  20.  2009  10  47  AM 
Tuesday.  February  24,  2009  8.08  AM 
Tuesday.  February  24.  2009  8  18  AM 


File  Format:  '  COMSOL  Multiphysics  Mo... 


(  New  Folder"^ 


(  Cancel  )    (  Save  > 


I  FIGURE  7.26  2D_EIS_2  model  Save  As  edit  window 
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A-semiaxes:  0.3 


B-semiaxes:  0.15 


Base: 


Rotation  angle 


(degrees! 


Style:  Solid 


I  FIGURE  7.27  2D_EIS_2  model  Ellipse  edit  window 


(-0.05.  -0.2) 


"|        !CWD  (EQUAL  SNAP  I  DIALOG  I^JUTT  [SOUD 


I  FIGURE  7.28  2D_EIS_2  model  rectangle 
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I  FIGURE  7.29  2D_EIS_2  model  Rectangle  edit  window 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  Enter  a  width  of 
0.04  and  a  height  of  0.001.  Select  "Base:  Corner"  and  set  x  equal  to  -0.02  and  y  set 
equal  to  0.15-0.001  in  the  Rectangle  edit  window.  See  Figure  7.29.  Click  OK. 

note^  The  purpose  of  adding  the  rectangle  to  the  ellipse  is  to  provide  a  known 
placement  location  for  the  points  that  will  define  the  edges  of  the  electrode. 

Using  the  menu  bar,  select  Draw  >  Create  Composite  Object.  Enter  El+Rl  in 
the  Set  formula  edit  window.  Uncheck  the  Keep  interior  boundaries  check  box.  See 
Figure  7.30. 

Click  OK.  See  Figure  7.31. 


Create  Composite  Object 


Object  type 
@  Solids 
O  Curves 
O  Points 


Object  selection: 


Shortcuts 


r 

Union 

) 

( 

Intersection 

Select  All 

) 

Set  formula: 


(  Cancel  ) 
(    Apply  j 

(    H*'P  ) 


M  Keep  interior  boundaries 
|~|  Repair 


Repair  tolerance  l.OE-4 


I  FIGURE  7.30  2D_EIS_2  model  Create  Composite  Object  edit  window 
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I  FIGURE  7.31  2D_EIS_2  model  Create  Composite  Object  result 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Point.  In  the  Point  edit 
window,  enter  -0.02  0.02  for  x  and  0.15  0.15  for  y.  See  Figure  7.32. 
Click  OK.  See  Figure  7.33. 

note^  The  ellipse  is  the  2D  representation  of  a  3D  elliptical  body  in  cross  section  (e.g., 
similar  to  the  cross  section  that  might  be  seen  in  the  examination  of  a  reclining  human 
body) .  The  points  are  added  to  the  2D  ellipse  to  define  the  location  of  the  electrode 
(between  the  points)  on  the  boundary  of  the  ellipse. 


(     OK  ) 

x:    -0.02  0.02 

y:    0.15  0.15 

(  Cancel  ) 

(    Help  ) 

Name:  PT1 

I  FIGURE  7.32  2D_EIS_2  model  Point  edit  window 


Electrical  Impedance  Theory 


483 


I  FIGURE  7.33  2D_EIS_2  model  ellipse  and  points 
Physics  Settings:  Scalar  Expressions 

Using  the  menu  bar,  select  Options  >  Expressions  >  Scalar  Expressions.  In  the  Scalar 
Expressions  edit  window,  enter  the  information  shown  in  Table  7.6;  also  see  Figure  7.34. 
Click  OK. 


Table  7.6     Scalar  Expressions  Edit  Window 


sigma_0 

sig_bulk*(((x-x_0)A2  +  (y-y_0)A2)>r_00A2) 

Conductivity  bulk 

epsilon_r_0 

1+(eps_r_bulk-1)*(((x-x_0)A2  +  (y-y_0)A2)>r_00A2) 

Permittivity  relative 

sigma_1 

sigj3ulk*(((x-x_1)A2  +  (y-y_1)A2)>r_01A2) 

Conductivity  bulk 

epsilon_r_1 

1  +(eps_rj3ulk-1  )*(((x-x_1  )A2  +  (y-y_1  )A2)>r_01  A2) 

Permittivity  relative 

sigma_tot 

(sigma_0+sigma_1  )/2 

Conductivity  total 

epsilon_r_tot 

(epsilon_r_0+epsilon_r_1)/2 

Permittivity  total 

r_00 

r_0*(1.6-cos((t_0*pi)/8))/2 

Radius  ratio 

r_01 

r_1*(1.6-cos((t_0*pi)/8))/2 

Radius  ratio 
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Name 

Expression 

Unit 

Description 

Sigma  0 

sig  bulk*(((x-x  0)A2-t-(y-y  0)A2)>r  00A2) 

S/m 

Conductivity  bulk 

epsilon_r_0 

l  +  (eps_rJiulk-l)'(((x-x_0)A2+(y-y_0)A2)>rJ)0A2) 

Permittivity  relative 

sigma_l 

sig_bulk'(((x-x_l)A2+(y-y_l)A2)>rJ)lA2> 

5/m 

Conductivity  bulk 

epsilon_r_l 

l  +  (eps_r_bulk-l)*(«x-x_l>A2+(y-y_l>A2>>r_01A2) 

Permittivity  relative 

sigma_tot 

(sigma_0+  sigma_l)/2 

S/m 

Conductivity  total 

epsilon_r_tot 

(epsilon_r_0-tepsilon_r_l)/2 

Permittivity  total 

r_00 

r_0*(1.6-cos((t_0*pi>/8l>/2 

m 

Radius  ratio  ^ 

r_01 

r_l*(1.6-cos«t_0'pi)/8»/2 

m 

Radius  ratio 

&  S3  (    Help    )    (   Apply  )    (  Cancel  ) 

I  FIGURE  7.34  2D_EIS_2  model  Scalar  Expressions  edit  window 


Physics  Settings:  Scalar  Variables 

Select  Physics  >  Scalar  Variables.  Enter  le6  in  the  nu_emqvw  Application  Scalar 
Variables  edit  window.  See  Figure  7.35.  Click  OK. 

Physics  Subdomain  Settings:  In-Plane  Electric  Currents  (emqvw) 

Having  established  the  geometry  for  the  2D_EIS_2  model  of  an  elliptical  block  with 
an  electrode,  the  next  step  is  to  define  the  fundamental  Physics  conditions.  Using  the 
menu  bar,  select  Physics  >  Subdomain  Settings.  Select  subdomain  1  in  the  Subdomain 
selection  window  (the  only  available  subdomain).  In  the  Subdomain  edit  windows, 
enter  the  information  shown  in  Table  7.7. 

Click  the  D  =  £0£,E  radio  button.  See  Figure  7.36.  Click  OK. 

Physics  Boundary  Settings:  In-Plane  Electric  Currents  (emqvw) 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  For  the  indicated  boundaries, 
select  or  enter  the  given  boundary  condition  and  value  as  shown  in  Table  7.8.  See 
Figures  7.37, 7.38,  and  7.39. 


Name                     I  Expression                  Unit  Description 

epsilonO.emqvw       8.854187817e-12        F/m    Permittivity  of  vacuum 

M  Synchronize  equivalent  variables 

(    Help    )    (   Apply   )    (  Cancel  )    ^-OK  ) 

I  FIGURE  7.35  2D_EIS_2  model  Application  Scalar  Variables  edit  window 


Table  7.7    Subdomain  Edit  Window 
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o-  (isotropic)  sigma_tot  Electrical  conductivity 

er  (isotropic)  epsilon_r_tot  Relative  permittivity 


Table  7.8     Boundary  Settings  -  In-Plane  Electric  Currents  (emqvw)  Edit  Window 


1 ,  4,  5,  8 

Electric  Insulation 

7.37 

2,  3 

Port 

7.38 

6,  7 

Ground 

7.39 

equation 


-Vd((a  +  ju)E0Er)W-Je)  =  dQj 


|  Subdomains      Croups  1  


Subdomain  selection 


Croup: 


__'  Select  by  group 
M  Active  in  this  domain 


Infinite  Elements      Forces      Init  Element 


Material  properties  and  sources 
Library  material:  ' 


1*3    (  Load...  ) 


Constitutive  i 

e  °  ■  v,e  o  °  -  eoe + p 

Quantity  Value/Expression 
J" 

d 


sigma_tot 


epsilon_r_tot 


0D-VrE  +  D, 
Unit  Description 

External  current  density 
A/m3  current  source 
m  Thickness 
S/m    Electric  conductivity 
1        Relative  permittivity 


I  FIGURE  7.36  2D_EIS_2  model  Subdomain  Settings  edit  window 
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I  FIGURE  7.37  2D_EIS_2  model  Boundary  Settings  (1,  4,  5,  8)  edit  window 


Equation 
I  =  Y  •  V 


ies  I  Croups  1  


Boundary  selection 


Croup: 

Select  by  group 
□  Interior  boundaries 


f  Conditions      Port      loIdi  .  Style  L 
Boundary  sources  and  constraints 
Boundary  condition:  |  Port 


(    Help    )     (   Apply   )     (  Cancel  ) 

I  FIGURE  7.38  2D_EIS_2  model  Boundary  Settings  (2,  3)  edit  window 
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I  FIGURE  7.39  2D_EIS_2  model  Boundary  Settings  (6,  7)  edit  window 


Select  boundaries  2  and  3  in  the  Boundary  selection  window.  Select  the  Port  tab. 
Check  "Use  port  as  input."  Select  "Fixed  current  density"  from  the  input  property 
pull-down  list;  see  Figure  7.40.  Click  OK. 


I  FIGURE  7.40    2D_EIS_2  model  Boundary  Settings  (Port)  edit  window 
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Subdomain      Boundary      Point      Advanced  J 


O  Predefined  mesh  sizes: 
@  Custom  mesh  size 
Maximum  element  size: 
Maximum  element  size  scaling  factor:  1 
Element  growth  rate: 
Mesh  curvature  factor: 
Mesh  curvature  cutoff: 
Resolution  of  narrow  regions: 


0.001 


M  Optimize  quality 


Refinement  method:   1  Regular  jt^ 


(  Cancel  ) 

(  ES  \ 

(    Help  ) 


Reset  to  Defaults 


~)     (         Remesh         )     (     Mesh  Selected  ^ 


I  FIGURE  7.41  2D_EIS_2  model  Free  Mesh  Parameters  edit  window 


Mesh  Generation 

From  the  toolbar,  select  Mesh  >  Free  Mesh  Parameters  >  Global.  Select  Predefined 
mesh  sizes  >  Normal  (from  the  pull-down  list).  Select  "Custom  mesh  size."  Enter  0.01 
in  the  Maximum  element  size  edit  window.  See  Figure  7.41. 

Click  the  Remesh  button,  and  then  click  OK.  See  Figure  7.42. 

Solving  the  2D_EIS_2  Model 

Using  the  menu  bar,  select  Solve  >  Solver  Parameters.  The  COMSOL  Multiphysics 
software  automatically  selects  the  Stationary  solver. 

note^  The  COMSOL  Multiphysics  software  automatically  selects  the  solver  best 
suited  for  the  particular  model  based  on  the  overall  evaluation  of  the  model.  In  this  case, 
the  modeler  will  need  to  change  the  chosen  solver  and  the  parametric  settings. 


Select  "Parametric."  Enter  t_0  in  the  Parameter  name  edit  window.  Enter  lin- 
space(0 .0,32,32)  in  the  Parameter  values  edit  window.  See  Figure  7.43.  Click  OK. 
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note^  The  linspace(0 .0,32,32)  command  causes  the  solver  to  step  the  value  of  t_0  32 
times  between  0.0  and  32.  For  later  versions  of  COMSOL  Multiphysics  software  use 
the  command  range(0 ,32/32,32)  in  place  of  the  linspace  command. 

In  COMSOL  Multiphysics  software  version  3.5a,  the  linspace  (Xj,x2^3)  function 
(where  x,  =  start  value,  x2  =  end  value,  and  x3  =  number  of  intervals)  has  been 
changed  to  the  range  (y  1,5^3)  function  (where  y:  =  start  value,  y2  =  interval  width, 
and  y3  =  end  value) . 

Using  the  menu  bar,  Select  Solve  >  Solve  Problem.  See  Figure  7.44. 

Postprocessing  and  Visualization 

The  default  plot  shows  a  surface  plot  of  the  electric  potential  (V)  distribution  in  volts. 
To  visualize  the  detected  regions  of  differential  conductivity,  the  plot  parameters  will 
need  to  be  modified. 

Select  Postprocessing  >  Plot  Parameters  >  Surface.  Select  "Total  current  density, 
norm"  from  the  Predefined  quantities  pull-down  list.  Change  the  expression  in  the  edit 
window  from  normJ_emqvw  to  20*loglO(normJ_emqvw).  Click  the  Range  button. 


490 


Chapter  7    2D  Complex  Mixed-Mode  Modeling 


Analysis 


Time -harmonic,  electric 


3 


Ml  Auto  telect  solver 
Solver 


SUtiuriaiy 
1 1 me  dependent 
Eigenvalue 


Parametric  Stationary 


'   '  Adaptive  mesh  refinement 


linear  lyftM  snrv^r 
Linear  system  solver  1 

Pretend  it  loner 


Matrix  symmetry 


q^D 


I  FIGURE  7.43  2D_EIS_2  model  Solver  Parameters  edit  window 
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□  Auto 

Min:  [-35 

| 

Max:  35 

(  Cancel  )  ( 

I  FIGURE  7.45  2D_EIS_2  model  solution  Color  Range  edit  window 


Unselect  the  Auto  check  box.  Enter  —35  in  the  Min  edit  window  and  35  in  the  Max 
edit  window.  See  Figure  7.45.  Click  OK. 

Select  "wave"  from  the  Colormap  pull-down  list.  See  Figure  7.46. 

Click  OK.  See  Figure  7.47. 


Boundary         Arrow         Principal  ► 


M  Surface  plot 


Height  Data  \ 


Predefined  quantities:  f  l»^    (  Range...  ") 

Expression:  2O*logl0(norrru_emqvw>  M  smooth 

Unit  ~*) 


coloring  and  fill 
Coloring: 


Fill  style:       '  Filled 


@  Colormap:  (  wave  Ifrj  Colors:  1024  M  Color  scale 
O  Uniform  color:     '    Color-  ~)  I 


(     Help     )     (    Apply    )     (  Cancel  ) 


I  FIGURE  7.46  2D  EIS  2  model  solution  Plot  Parameters  edit  window 
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I  FIGURE  7.47  2D_EIS_2  model  solution  with  detected  areas 
Postprocessing  Animation 

Select  Postprocessing  >  Plot  Parameters  >  Animate.  Select  or  verify  that  all  of  the 
solutions  in  the  Solutions  to  use  window  are  selected.  See  Figure  7.48. 
Click  the  Start  Animation  button.  See  Figure  7.49. 

Alternatively,  you  can  play  the  file  Movie7_EIS_2.avi  that  was  supplied  with  this 
book. 

2D  Electric  Impedance  Sensor  Models:  Summary  and  Conclusions 

In  this  part  of  the  chapter  two  2D  electric  impedance  sensor  models,  basic  and 
advanced,  were  built  and  operated.  These  models  employ  a  high-frequency  current, 
(1  MHz  alternating  current  AC)  to  explore  the  differential  impedance  within  a  body  of 
material  in  a  noninvasive  manner.  Such  currents  may  be  applied  to  the  material  of  the 
modeled  body  to  locate  volumes  that  differ  in  impedance  from  the  impedance  of  the  bulk 
material  by  monitoring  the  local  impedance.  The  basic  2D  electric  impedance  sensor 
model  shows  the  location  of  a  fixed-volume  impedance  difference.  The  advanced  2D 
electric  impedance  sensor  model  shows  the  location  of  a  fluctuating  difference  volume, 
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Plot 


streamline 


Animate  j 


Panicle  Tracing 


Max /Mm 


J3 


Movie  settings 
File  type. 

Width  lin  pixels)  640 
Height  (in  pixels):  460 
Frames  per  second:  10 

'  Advanced..^ 

Static  /  Eigenfunction  animation 
Cycle  type:  Full  harmonic 

Number  of  frames:  11 


U  Reverse  direction 

fj  Use  camera  settings  from  main  window 


(   Start  Animation  ) 


(     Help     )     (    Apply    )     (  Cancel  ) 

I  FIGURE  7.48  2D_EIS_2  model  Plot  Parameters  window 


as  might  be  seen  in  a  medical  application  measuring  lung  function.  2D  electric  imped- 
ance tomography  research  is  currently  exploring  the  application  of  this  impedance- 
sensing  measurement  technology  to  the  detection  of  breast  cancer,  lung  function,  brain 
function,  and  numerous  other  areas. 

The  new  concepts  introduced  in  this  section  of  Chapter  7  are  complex  AC  theory, 
complex  impedance,  and  skin  depth. 


■  Generator  and  Power  Distribution  Basics 

Shortly  after  Georg  Ohm  discovered  and  published  Ohm's  law  in  1827,  Michael 
Faraday19  discovered  and  published  the  basic  operating  principle  of  both  DC  and  AC 
generators,  known  as  electromagnetic  induction.20 


Ohm's  law  is: 


/  = 


R 


(7.10) 


where        /  =  current  in  amperes  (A) 

E  =  electromotive  force  in  volts  (V) 
R  =  resistance  in  ohms 

Thomas  Alva  Edison21  took  the  initial  lead  in  the  development  and  commercializa- 
tion of  DC  electrical  power  generation  and  distribution  systems.  During  approximately 
the  same  time  period,  George  Westinghouse22  and  Nikola  Tesla23  were  developing  and 
commercializing  AC  electrical  power  generation  and  distribution  systems.  The  resulting 
intense  industrial  competition  led  to  what  has  been  called  the  "War  of  Currents."24 

Independent  of  all  the  rhetoric  exchanged  during  the  "War  of  Currents,"  two  fun- 
damental physical  factors  would  mandate  that  the  ultimate  winner  of  this  intense  con- 
test was  to  be  AC  power,  even  before  the  first  battle  was  fought.  Those  basic  physical 
factors  were  (1)  the  intrinsic  nature  of  DC  (steady)  and  (2)  Joule's  first  law.25  It  is  the 
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intrinsic  nature  of  DC  that  it  is,  by  definition,  a  steady,  fixed  voltage.  Thus  it  is  by 
definition  not  transformable  to  a  different  voltage.  For  DC  to  be  transformable,  it  must 
be  converted  to  AC ,  transformed ,  and  then  converted  back  to  DC .  Therefore ,  when  dif- 
ferent voltages  were  needed,  different  dynamos  (DC  generators)  had  to  be  built  to  gen- 
erate the  different  voltage. 

Joule's  first  law,  published  in  1841,  states  that  the  power  dissipated  in  a  resistor 
can  be  expressed  as  follows: 

P  =  I2*R  (7.11) 

By  Ohm's  law 

E 

R  =  j  (7.12) 

Thus 

P  =  /2*(y)  =  !*E 

It  is  the  intrinsic  nature  of  AC  that  both  the  current  and  the  voltage  normally 
fluctuate.  Hence,  AC  can  be  converted  (transformed)  from  one  voltage  to  a  differ- 
ent voltage.26  Because  AC  can  be  transformed  to  the  first  order  (assuming  no  sys- 
temic losses)  and  assuming  conservation  of  energy  (no  sources  or  sinks  in  the 
transformation  process),  then 


note^  The  term  "to  the  first  order"  means  formulating  the  most  basic  mathematical 
statement  of  the  problem,  without  secondary  corrections. 

Primary  input  power:  PP  =  IP*EP  (7.13) 
Secondary  output  power:  Ps  =  IS*ES  (7.14) 
Conservation  of  energy:  PP  =  Ps  (7.15) 

where       PP  =  power  input  to  the  transformer  in  watts  (W) 

EP  =  electromotive  force  input  to  the  transformer  in  volts  (V) 

7P  =  current  input  to  the  transformer  in  amperes  (A) 
Ps  =  power  output  from  the  transformer  in  watts  (W) 
Es  =  electromotive  force  output  from  the  transformer  in  volts  (V) 

7S  =  current  output  from  the  transformer  in  amperes  (A) 
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Assuming  a  lossless  transformer, 

ES  =  -±*EP  (7.16) 
iVp 

where       Ep  =  electromotive  force  at  the  primary  input  of  the  transformer  in  volts 
(V) 

Es  =  electromotive  force  at  the  secondary  output  of  the  transformer  in 
volts  (V) 

./Vp  =  number  of  turns  in  the  primary  winding  of  the  transformer 
Ns  =  number  of  turns  in  the  secondary  winding  of  the  transformer 

Because  the  input  power  equals  the  output  power,  the  current  (/)  and  the  electro- 
motive force  (E)  have  an  inverse  relationship.  As  E  goes  up,  /  goes  down,  in  a  direct 
proportionality. 


Thus 


/.  =  — %/p  (7.17) 

where         7P  =  current  in  the  primary  winding  of  the  transformer  in  amperes  (A) 

7S  =  current  in  the  secondary  winding  of  the  transformer  in  amperes  (A) 
NP  =  number  of  turns  in  the  primary  winding  of  the  transformer 
Ns  =  number  of  turns  in  the  secondary  winding  of  the  transformer 

In  the  case  of  a  DC  distribution  system,  as  shown  in  Figure  7.50,  the  transmission 
line  has  losses. 

In  the  case  of  DC  power,  all  of  the  load  current  flows  through  the  transmission 
line  resistance  and  generates  thermal  losses: 

■PdCLoss  =  ^DCLoad*^TL  (7.18) 


*1 


DC  Generator 

I  FIGURE  7.50  DC  power  transmission  system 
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|  ^2 
AC  Generator 

I  FIGURE  7.51  Untransformed  AC  power  transmission  system 


If  the  AC  power  transmission  system  were  configured  in  the  same  manner  as  a  DC 
power  transmission  system,  then  the  systems  would  be  equivalent.  See  Figure  7.51. 

However,  when  transformers  are  employed,  the  physics  changes  significantly.  See 
Figure  7.52. 

In  the  case  of  transformed  AC  power,  for  example,  raising  the  AC  electromotive 
force  (EMF)  of  the  transmission  line  by  transforming  the  EMF  by  a  factor  of  100  caus- 
es the  current  in  the  transmission  line  to  be  lowered  by  a  factor  of  100: 


Then 


and 


EP 


'ACTL 


Np 


1 

100 


100 


'AC  Load 


(7.19) 


(7.20) 


AC  Loss 


^CLoadV 

100  J  TL 


(7.21) 


Ns 

Step-Up  Transformer  —  =  100 
P 


^AC2    ^TL  ~  Rl+  R2 


AC  Generator 


— 

C 

Step-Down  Transformer 


Ns  _  l 


*Load 


Np  100 

I  FIGURE  7.52  Transformed  AC  power  transmission  system 
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where  PDS  =  dissipated  power  in  watts  (W) 

Ep  =  electromotive  force  at  the  primary  input  of  the  transformer  in 
volts  (V) 

Es  =  electromotive  force  at  the  secondary  output  of  the  transformer  in 
volts  (V) 

NP  =  number  of  turns  in  the  primary  winding  of  the  transformer 
Ns  =  number  of  turns  in  the  secondary  winding  of  the  transformer 
7AC  XL  =  transmission  line  current 

/ACLoad  =  AC  load  current 

PAC  Loss  =  transmission  line  current 
RTL=  transmission  line  resistance 

Assuming  that  the  load  currents  are  equivalent 

^DCLoad  =  ^ACLoad  (7.22) 

then  the  relative  transmission  line  power  loss  for  AC  compared  to  DC  is 


P  AC  Loss        I  1 


^DCLoss        V  100 


1*10"4  (7.23) 


Thus  transformed  AC  became  the  obvious  choice  for  power  line  transmission, 
based  both  on  versatility  and  on  reduced  power  losses. 

2D  AC  Generators:  Static  and  Transient  

In  the  following  subsections  of  Chapter  7,  models  are  developed  that  provide  an  analy- 
sis of  the  rotating  machines  (AC  generators)  that  convert  mechanical  energy  into  elec- 
trical energy  (AC  power).  The  generation  of  AC  power  is  accomplished  through  the 
application  of  Faraday's  law  of  induction.  In  the  following  models,  a  magnetic  vector 
potential  (A)  is  employed  that  has  only  a  z  component. 

Rotation  is  modeled  using  the  deformed  Mesh  Application  Mode  (ALE).  The 
rotor  and  the  stator  are  drawn  separately  and  then  combined  as  an  assembly.27 

The  materials  employed  in  this  model  are  high-energy  samarium-cobalt  magnets 
with  nonlinear  soft  iron  pole  pieces. 

not^^"  A  pole  piece  is  the  magnetically  soft  (easily  altered)  material  that  is  inserted  in 
the  magnet  circuit  to  guide  the  path  of  the  magnetic  flux  to  a  desired  location. 


2D  AC  Generator  Model  (2D  ACG  1):  Static  

The  numerical  solution  model  developed  in  this  section  (2D_ACG_1)  is  derived  from 
a  model  that  was  originally  developed  by  COMSOL  as  an  AC/DC  Module  Motors  and 
Drives  Library  Model.  Here,  the  2D  generator  model  (2D_ACG_1)  will  be  built  as  a 
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Navigator 


f  New      Model  Library      User  Models      Open      Settings  1 


Space  dimension; 

_Tj  Application  Modes 

►  L_J  COMSOL  Multiphasics 

T  0AC/DC  Module 

►  Si  Statics 

►  ^  Quasi-Statics,  Electric 

►  Quasi-Statics,  Magnetic 

►  Quasi  Statics,  Electromagnetic 
▼  m  Rotating  Machinery 


Rotating  Perpendk 


►  !  Electro  Thermal  Inter  action 

►  I    I  Heat  Transfer  Module 

►  Q  MEMS  Module 

►  i_J  RF  Module 


Dependent  variables: 


Azxyz 


AC/DC  Module 


Description: 


A  predefined  combination  of 
application  modes  for  rotating 
electro-mechanical  devices.  Combines 
Perpendicular  Induction  Currents  with 
Moving  Mesh  for  modeling  of  rotating 
electro-mechanical  applications  such 
as  electric  motors. 


Application  mode  name:    emqa  ale 
Element:  !  Lagrange  -  Quadra...  *H      (  Multiphysics  ~) 


I  FIGURE  7.53  2D_ACG_1  Model  Navigator  setup 


static  (stationary)  model.  In  the  next  subsection,  the  static  model  will  be  used  as  the 
starting  point  for  the  transient  (rotating)  model  (2D_ACG_2). 

To  start  building  the  2D_ACG_1  model,  activate  the  COMSOL  Multiphysics 
software.  In  the  Model  Navigator,  select  "2D"  (the  default  setting)  from  the  Space 
dimension  pull-down  list.  Select  AC/DC  Module  >  Rotating  Machinery  >  Rotating 
Perpendicular  Currents.  See  Figure  7.53.  Click  OK. 

note^  The  Model  Navigator  shows  two  names  in  the  Application  Mode  name  edit 
window:  emqa  and  ale. 

Constants 

Using  the  menu  bar,  select  Options  >  Constants.  In  the  Constants  edit  window,  enter 
the  information  shown  in  Table  7.9;  see  also  Figure  7.54.  Click  OK. 

note^  When  the  modeler  enters  the  constant  t,  the  text  will  become  red  in  color  to 
indicate  that  the  modeler  has  entered  a  reserved  variable  name  (t  =  time,  in  COMSOL 
Multiphysics  software).  However,  because  the  first  model  is  stationary,  t  needs  to  be 
assigned  a  value  (in  this  case,  0).  Once  the  transient  model  is  built,  the  transient  solver 
will  override  the  assigned  value  during  the  solving  process. 
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Table  7.9     Constants  Edit  Window 


Name         Expression  Description 

t 

0[sl 

Time  equals  zero  (stationary  solution) 

rpm 

60[1/min] 

Revolutions  per  minute 

A 

pi*(0.02[m])A2 

Area,  stator  wire 

L 

0.4[m] 

Length,  generator 

NN 

1 

Stator  winding  turns 

t 

0[s| 

0[s|             Time  equals  zero  (stationary  solution)  jr. 

rpm 

60[l/min| 

l[l/s|          Revolutions  per  minute 

A 

pi»(0.02[mj)*2 

0.001257[m2  Area,  stator  wire 

L 

0.4[m| 

0.4[m)          Length,  generator 

NN 

1 

1                Stator  winding  turns 

l 

(    Help    )    (   Apply  )    (  Cancel  )    (—OK  ) 

■ 

I  FIGURE  7.54  2D_ACG_1  model  Constants  edit  window 


Select  File  >  Save  As.  Enter  2D_ACG_1  in  the  Save  As  edit  window.  See 
Figure  7.55.  Click  the  Save  button. 

Generator  Geometry 

note^  The  2D_ACG_1  geometry  is  very  complex.  Be  sure  to  follow  the  steps 
carefully  and  in  sequence.  After  completion  of  all  of  the  geometry  and  assembly  steps, 
there  should  be  a  total  of  152  boundaries. 


Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Circle  and  create  the  circles 
indicated  in  Table  7.10. 

Select  File  >  Save.  See  Figure  7.56. 

I  Table  7.10    Stator  Geometry  Circles  Creation 


Name  Radius  Base  X  Y  Rotation  Angle 

C1  0.3  Center  0  0  22.5 

C2  0.235  Center  0  0  0 

C3  0.225  Center  0  0  0 

C4  0.4  Center  0  0  0 
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2DJ\CG_l_Constant5.txt 
2D_ES_l.mph 
?n_FIW  mph 
EIS_2b.mph 
EI5_2b_Consi3nr.s.rxi 
Ers_2b_SV.txt 
Err  2a  mph 
Err_2a_Con5Qnts  l»t 

trr.2d_sv.oct 
Generator_2D_l.mph 
Generator_2D_l.rnphbin 
Generator  20  1  Geometrv.dxf 
Gene  rator_2D_2 -mph 
Generators*  ctor_la. mph 
Generator  sector  lo  mpn 


Saturday.  March  14.  2009  4  16  PM 
Friday,  March  6.  2009  7  54  AM 
Sanrrriay.  Marrh  7.  7009  10  40  AM 
Sunday.  March  1.  2009  11:07  AM 
Thursday,  March  5,  2009  2  is  pm 
Thursday,  March  5.  2009  2:14  PM 
Monday.  March  2.  2009  3  39  PM 
Thursday.  March  S.  2009  2  16  PM 
Saturday.  March  7.  2009  6  19  AM 
Thursday.  FeDruary  19,  2009  7  04  AM 
Thursday.  February  19.  2009  5  04  PM 
Wednesday.  February  IS.  2009  7  36  PM 
Thursday.  February  19,  2009  7  32  AM 
Trtdav,  Tebruary  20.  2009  10:47  AM 


File  Format:  '  COMSOL  Multiphys.es  Mo..."^] 


I  FIGURE  7.55  2D_ACG_1  model  Save  As  edit  window 


ft^O  COMSOL  Muluphytlo  -  Uu.nl/M^  Moll  (ALU  (He! .  ZC/lCCl,. 


U.2,0.4)  [        !CMt>  [EQUAL  SNAP  UIAKX.  IMUL1I  ISOUO  f 


I  FIGURE  7.56  2D_ACG_1  model  created  circles 
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Table  7.11    Geometry  Rectangles  Creation 


Name 

Base 

X 

R1 

0.1 

1.0 

Center 

0 

0 

0 

R2 

0.1 

1.0 

Center 

0 

0 

45 

R3 

0.1 

1.0 

Center 

0 

0 

90 

R4 

0.1 

1.0 

Center 

0 

0 

135 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle  and  create  the 
rectangles  indicated  in  Table  7.11. 

Select  File  >  Save.  See  Figure  7.57. 

Select  Draw  >  Create  Composite  Object.  Uncheck  the  Keep  interior  boundaries 
check  box.  Enter  C2+C1*(R1+R2+R3+R4)  in  the  Set  formula  edit  window.  See 
Figure  7.58. 


note^  The  commands  +,  *,  and  -  equal  union,  intersection,  and  difference,  respectively. 
Enter  the  formulas  exactly  as  indicated,  or  the  resulting  geometry  will  be  incorrect. 


(1.2.0)  CWD  EQUAL  [SNAP  1  DIALOG  IMULTI  IMUOf 

I  FIGURE  7.57  2D_ACG_1  model  created  circles  and  rectangles 
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Object  type 
©  Solids 
O  Curves 
O  Points 


Object  selection: 


Shortcuts 


Union 

< 

Intersection 

Select  All 

1 

Cancel 
(   Apply  ) 
(    H"P  ) 


I  FIGURE  7.58  2D_ACG_1  model  Create  Composite  Object  edit  window 


Click  OK.  See  Figure  7.59. 

Select  Draw  >  Create  Composite  Object.  Check  the  Keep  interior  boundaries 
check  box.  Enter  C4+C01-C3  in  the  Set  formula  edit  window.  See  Figure  7.60. 
Click  OK.  See  Figure  7.61. 
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( 

Union 

) 

( 

Intersection 

) 

{ 

Select  All 

(  Cancel  ~) 
(  Apply  ) 
(    H"P  ) 


Set  formula: 


'V1  Keep  interior  boundaries 
Repair 


I  FIGURE  7.60  2D_ACG_1  model  Create  Composite  Object  edit  window 


Saved  COMSOL  Model  file  2D  ACC  l.mph 

Saved  COMSOL  Model  file  2D  ACC  l.mph 
Saved  COMSOL  Mcdcl  file  iP.ACG.l.mph 


-1)  -  GRID  EQUAL  SNAP  DIALOG  |mUIT.  ^JD  T 

I  FIGURE  7.61  2D  ACG  1  model  C02 
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Click  the  Zoom  Extents  button.  Using  the  menu  bar,  select  Draw  >  Specify 
Objects  >  Circle  and  create  the  two  new  circles  indicated  in  Table  7.12. 
Click  the  Save  button.  See  Figure  7.62. 

Select  CI  and  C2.  Using  the  menu  bar,  select  Edit  >  Copy.  Using  the  menu  bar, 
select  Edit  >  Paste.  Verify  that  the  displacements  are  X:0  and  Y:0.  See  Figure  7.63. 
Click  OK. 

Using  the  menu  bar,  select  Draw  >  Modify  >  Rotate.  Enter  45  in  the  Rotation 
angle  edit  window.  See  Figure  7.64.  Click  OK. 

Select  CI  and  C2.  Using  the  menu  bar,  select  Edit  >  Copy.  Using  the  menu  bar, 
select  Edit  >  Paste.  Verify  that  the  displacements  are  X:0  and  Y:0.  Click  OK. 


Table  7.12    Geometry  Circles  Creation 


C1 

0.015 

Center 

0.025 

0.275 

0 

C2 

0.015 

Center 

-0.025 

0.275 

0 
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Displacements 

*ll  1 

Y:|0  1 

(  Cancel  ) 

I  FIGURE  7.63  2D_ACGJ  model  Paste  C1  and  C2 


Rotation  angle 


(degrees) 


Center  point 


X:  0 


Y:  0 


(  Cancel  ) 


I  FIGURE  7.64  2D  ACG  1  model  rotated  Paste  C3  and  C4 


Using  the  menu  bar,  select  Draw  >  Modify  >  Rotate,  for  the  indicated  angles  for 
each  circle  pair  shown  in  Table  7.13.  See  Figure  7.65. 

Select  Edit  >  Select  All.  Select  Draw  >  Create  Composite  Object.  Click  the  Union 
button  and  then  click  OK.  See  Figure  7.66. 

note^  The  stationary  portion  (stator)  of  the  generator  has  now  been  created.  The 
rotating  portion  (rotor)  will  be  created  next. 


Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Circle  and  create  the  circles 
indicated  in  Table  7.14. 

Click  the  Save  button.  See  Figure  7.67. 


Table  7.13    Geometry  Circles:  Copy,  Rotate,  and  Paste 


C5,  C6 

90 

C7,  C8 

135 

C9,  10 

180 

C11,  C12 

-45 

C9,  10 

-90 

C11,  C12 

-135 
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a  am  i:  x*«e  i*  a  a  r       =  = 


-0.6  -O.J  -0.4  -0.J 


I  tmd  C0M01  U»M  lilt  J0_ACC_  1  mph 
1(0.6.  0) 


GRID  tQUAL  SNAP 


I  FIGURE  7.65  2D_ACG_1  model  rotated,  pasted  circles 


■v  i,      i  ■  i  '..I  ■  r 

MMacnkani  wcr. 


(0.6.  -0.3)  "  iOdD  | EQUAL  |SNAT  IDIALOC  MUIT1  |SOLH>  | 

I  FIGURE  7.66  2D_ACG_1  model  union  of  all  objects,  C01 
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I  Table  7.14    Rotor  Geometry  Circles  Creation 


Name 

Radius 

Base 

C1 

0.215 

Center 

0 

0 

0 

C2 

0.15 

Center 

0 

0 

22.5 

C3 

0.15 

Center 

0 

0 

22.5 

C4 

0.225 

Center 

0 

0 

0 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle  and  create  the 
rectangles  indicated  in  Table  7.15. 

Click  the  Save  button.  See  Figure  7.68. 


I  FIGURE  7.67  2D_ACG  J  model  rotor-created  circles 
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Table  7.15    Rotor  Geometry  Rectangles  Creation 


Name        Width        Height        Base        X              Y        Rotation  Angle 

R1 

0.1 

1.0 

Center 

0 

0 

22.5 

R2 

0.1 

1.0 

Center 

0 

0 

-22.5 

R3 

0.1 

1.0 

Center 

0 

0 

67.5 

R4 

0.1 

1.0 

Center 

0 

0 

-67.5 

Select  Draw  >  Create  Composite  Object.  Uncheck  the  Keep  interior  boundaries 
check  box.  Enter  C2+C1*(R1+R2+R3+R4)  in  the  Set  formula  edit  window.  See 
Figure  7.69.  Click  OK. 

note^  The  commands  +,  *,  and  -  equal  union,  intersection,  and  difference,  respec- 
tively. Enter  the  formulas  exactly  as  indicated,  or  the  resulting  geometry  will  be 
incorrect. 


I  FIGURE  7.68  2D_ACG_1  model  rotor-created  rectangles 
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Object  type 

M  Solid; 

Curve;. 
O  Points 


Object  selection: 


Shortcuts 


f     Select  All  ^ 


^  Cancel"^) 
(  Apply  ) 
(     Help  ) 


Set  formula: 


C2+C1*(R1+R2  +  R3  +  R4> 

Q  Keep  interior  boundaries 
-  [H  Repair  — 

Repair  tolerance:  l.OE-4 


I  FIGURE  7.69  2D_ACG_1  model  Create  Composite  Object  edit  window 


Select  Draw  >  Create  Composite  Object.  Check  the  Keep  interior  boundaries 
check  box.  Enter  C02+C3+C4  in  the  Set  formula  edit  window.  See  Figure  7.70. 
Click  OK.  See  Figure  7.71. 

note'^  The  names  Stator  and  Rotor  can  be  assigned  to  the  appropriate  created  composite 
objects  by  clicking  on  the  composite  object  (selecting)  and  selecting  Draw  >  Object 
Properties.  You  can  then  enter  the  chosen  name  (Stator,  Rotor)  in  the  Name  edit  window. 

Select  File  >  Export  >  Geometry  Objects  to  File.  Enter  2D_ACG_l_Geometry  in 
the  Save  As  edit  window.  Select  "COMSOL  Multiphysics  binary  file  (*.mphbin)" 
from  the  File  Format  pull-down  list.  Click  the  Save  button.  See  Figure  7.72. 


Object  type  - 
©  Solids 
O  Curves 
O  Points 


Shortcuts 


( 

Union 

) 

Intersection 

( 

Select  All 

Set  formula: 


Cancel 
(   Apply  ) 
(    Help  ) 


Keep  interior  boundaries 
Q  Repair 


Repair  tolerance:  l.OE-4 


I  FIGURE  7.70  2D_ACG_1  model  Create  Composite  Object  edit  window 
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2D_ACG_l_Georr 

2D.CIS_J.mph 
EIS_2b.mph 
FIS_?h_rnnstanrs  in! 
lB_2b_SV.t)rI 

Erwampn 
EIT_2a_Comrams.tKl 
En..a.SV.Ort 
Cen.fatQf_2D_l.mph 
r.prveratnt_7n_l  mphhln 
Lenerator  2U  1  Leometry.rjxf 


10 


Saturday.  March  7.  2009  10:40  AM 
Sunday.  March  1.  2009  11  07  AM 
Thursday.  March  V  7009  7  IS  PM 


Saturday.  March  7.  2009  6  19  AM 
Thursday.  February  19.  2009  7.04  AM 
Thursday.  February  19  7009  S  04  PM 
Wednesday.  February  is.  _uuy  Mb  KM 
Thursday,  February  19.  2009  7  32  AM 


File  Format:  [  COMSOL  Multiphysics  bin..."^ 


'  New  Folder 


(  Caned  ) 


I  FIGURE  7.72  2D_ACG_1  model  stator  and  rotor  composite  objects 
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Object  selection: 


( 

OK 

) 

( 

Cancel 

Apply 

) 

( 

Help 

) 

Pair  type:  [  Identity  pair  1-$^ 
M  Create  imprints 
□  Repair 


I  FIGURE  7.73  2D_ACG_1  model  stator  and  rotor  Create  Pairs  edit  window 
Assemble  the  Generator  Geometry  (Stator  and  Rotor) 

Using  the  menu  bar,  select  Draw  >  Create  Pairs.  Select  both  objects  (Rotor  and 
Stator).  Select  "Identity  pair"  from  the  pair  type  pull-down  list.  See  Figure  7.73. 
Click  OK.  See  Figure  7.74. 


»  r\  Q 


□  s  y  <s 

D  * 

n  rj 


LOV5UL  »u  t  3-.ys.ci  -  Ctomi/Vc  - .]  S'tsn  .ALU  ..He; 


til  *  »B||I>  AAr  3=»  =  "  «  00J^»  rf-il^fc  jo  n  * 

 :  :  :  ~|^— 1 — :  :  


[ 


•0.6  -0.5  -04  -01  -07 


0  0.1  0.7  0.3  04  05 


I  FIGURE  7.74  2D  J\CG  J  model  paired  stator  and  rotor 
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Table  7.16    Subdomain  Integration  Variables  Edit  Window 


Subdomains 

Name 

Expression 

Integration 

3,  4,  9-12,  17,  18 
5-8,  13-16 

Vi 
Vi 

L*Ez_emqa/A 
-L*Ez_emqa/A 

4 
4 

Yes 
Yes 

note^  The  pairing  of  the  rotor  and  stator  couples  the  boundaries  of  the  two  separately 
created  geometric  elements.  This  pairing  facilitates  the  use  of  the  sliding  mesh  at  the 
boundary  between  the  rotor  and  the  stator,  which  would  otherwise  be  discontinuous. 

Physics  Settings:  Subdomain  Integration  Variables 

Using  the  menu  bar,  select  Options  >  Integration  Coupling  Variables  >  Subdomain 
Variables.  In  the  Subdomain  Integration  Variables  edit  window,  enter  the  information 
shown  in  Table  7.16;  also  see  Figure  7.75.  Click  OK. 

note^  The  integration  variable  expressions  for  Vi  are  summed  to  yield  the  voltage 
induced  into  the  windings  of  the  generator. 

Select  Options  >  Materials/Coefficients  Library.  Verify  that  the  Electric  (AC/DC) 
Materials  Properties  Library  is  loaded.  If  not,  you  will  need  to  load  that  library  to  com- 
plete this  model.  See  Figure  7.76.  Click  OK. 

Physics  Subdomain  Settings:  Perpendicular  Induction  Currents,  Vector 
Potential  (emqa) 

Having  established  the  geometry  for  the  2D_ACG_1  model,  the  next  step  is  to  define 
the  fundamental  Physics  conditions.  Using  the  menu  bar,  select  Multiphysics  > 


qmd  g^d  e~B 

I  FIGURE  7.75  2D_ACG_1  model  Subdomain  Integration  Variables  edit  window 
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►  Model  (0) 

►  Basic  Material  Properties  128) 

►  Liquids  and  Cases  (18) 

►  MEMS  Material  Properties  {33) 

►  Heat  Transfer  Coefficients  (8) 
T  Electric  (AC/DC)  Material  Prop 

Co  ppei 

Soft  Iron  (without  losses) 
Samarium  Cobalt  (Radial,  c 
Samarium  Cobalt  (Radial,  i 
Quartz 
Graphite 
Graphite  felt 
Silicon  Carbide 

►  Piezoelectric  Material  Properti 

►  User  Defined  Materials  (i) 

►  FeNi  Material  Properties  (5 


C 


D  (  p""«  ) 


(    copy    )   (    ?"«  ) 

(  Add  Library...  ) 


Material  properties 


□  Hide  undefined  properties 


Plot 


(    Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  7.76  Materials/Coefficients  Library  window 


Perpendicular  Induction  Currents,  Vector  Potential  (emqa).  Using  the  menu  bar,  select 
Physics  >  Properties.  In  the  Application  Mode  Properties  dialog  box,  choose  "On" 
from  the  Weak  constraints  pull-down  list.  See  Figure  7.77.  Click  OK. 

Using  the  menu  bar,  select  Physics  >  Subdomain  Settings.  Select  subdomain  1  in 
the  Subdomain  selection  window.  Click  the  Load  button. 


I  FIGURE  7.77  2D_ACG_1  model  Application  Mode  Properties  dialog  box 
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Materials 


▼  Model  (0) 

Soft  Iron  {without  losses}  ( 
Samarium  Cobalt  (Radial,  ii 


►  Basic  Material  Properties  (28) 

►  Liquids  and  Cases  (18) 

»  MEMS  Material  Properties  (33) 

►  Heat  Transfer  Coefficients  (8) 
▼  Electric  (AC/DC)  Material  Prop 

Copper 

Soft  Iron  (without  losses) 
Samarium  Cobalt  (Radial 
Samarium  Cobalt  (Radial,  i 
Quartz 
Graphite 
Graphite  felt 
Silicon  Carbide 

►  Piezoelectric  Material  Pro| 

►  User  Defined  Materials  (1) 

►  FeNi  Material  Properties  (S) 

►  Ductile  Iron  Material  Pro| 

►  Library  10  (8) 

4 


e  rials/Coefficients 

Material  properties 


Name:    Samarium  Cobalt  (Radial,  outward) 


Quantity  Value/Expression  Description  

Br  u.84(T)*x/sqrt(x*2+y*2)  0....  Remanent  flux  de... 

epsilonr  1                                     Relative  permittivity 

fH  Nonlinear  magneti... 

murtensor2D  Relative  permeabil... 

normfH  Nonlinear  magneti... 


[J  Hide  undefined  properties 


C 


Plot 


(    Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  7.78  2D_ACG_1  model  Materials/Coefficients  Library  load  window 


Select  Electric  (AC/DC)  Materials  Properties  Library  >  Soft  Iron  (without  losses) . 
Click  the  Apply  button. 

Select  Electric  (AC/DC)  Materials  Properties  Library  >  Samarium  Cobalt  (Radial, 
inward).  Click  the  Apply  button. 

Select  Electric  (AC/DC)  Materials  Properties  Library  >  Samarium  Cobalt  (Radial, 
outward).  Click  the  Apply  button.  See  Figure  7.78.  Click  the  Cancel  button. 

note'^  The  last  three  commands  added  the  three  selected  materials  to  the  Model  (0) 
Library  for  use  in  this  model. 

In  the  Subdomain  edit  windows,  enter  the  information  shown  in  Table  7.17. 
Click  OK.  See  Figures  7.79-7.82. 

Physics  Subdomain  Settings:  Moving  Mesh  (ALE)  (ale) 

Using  the  menu  bar,  select  Physics  >  Multiphysics  >  Moving  Mesh  (ALE)  (ale) .  Using 
the  menu  bar,  select  Physics  >  Subdomain  Settings.  In  the  Subdomain  edit  windows, 
enter  the  information  shown  in  Table  7.18.  Click  OK.  See  Figure  7.83. 
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Table  7.17    Subdomain  Edit  Window 


H  <^  B  Setting 

Figure  Number 

1,  3-19 

B  =  LLnLLrH 

7.79 

2,  28 

H  =  f(|B|)eB 

Soft  iron  (without  losses) 

7.80 

20,  23,  24,  27 

B  =  u,0u.rH  +  Br 

Samarium  cobalt  (radial,  inward) 

7.81 

21,  22,  25,  26 

B  =  u^H  +  Br 

Samarium  cobalt  (radial,  outward) 

7.82 

Table  7.18    Subdomain  Settings  -  Moving  Mesh  Edit  Window 


Subdomain 

Group 

Figure  Number 

19-28 

rotate_CCW 

7.83 

Physics  Boundary  Settings 

Leave  the  Boundary  Settings  at  the  default  conditions.  The  identity  pair  couples  the 
stator  and  the  rotor. 


°   Subdomain  Settings  -  Perpendicular  Induction  Currents,  Vector  Potential  (emqa) 

Equation 

V  x  (M0_1Mr*1V  x  A2)  -  ov  x  (V  x       =  ctAV/L  +  J% 


Subdomains  Croups 


^2  Select  by  group 

M  Active  in  this  domain 


f  Physics      Infinite  Elements      Forces       Init  Element 


Material  properties  and  sources 
Library  material:  [ 


IT)    (  Load...  ) 


Quantity  Value/Expression 


Unit  Description 

m/s  Velocity 

V  Potential  difference 

m  Length 

A/m2  External  current  density 

S/m  Electric  conductivity 
Constitutive  relation 

1  Relative  permeability 


(    Help    )    (   Apply   )    (  Cancel  ) 

I  FIGURE7.79  2D_ACG_1  model  Subdomain  Settings  (1,  3-19)  edit  window 
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Equation 

o-JAz/St  +  V  x  H  -  O-AV/L  +  J% 


Subdomains      Croups  1 


Croup: 


i 


[~1  Select  by  group 

M  Active  in  this  domain 


f  Physics 


Infinite  Elements      Forces      Init  Element 


J 


Material  properties  and  sources 
Library  material: 


Soft  Iron  (without  losses)  (  Load...  ) 

Unit  Description 

V  Potential  difference 

m  Length 

A/m2  External  current  density 


S/m 


Electric  conductivity 


Constitutive  relation 


HB(norm8_emqa[l/T|)|A/m| 


A/m 


Magnetic  field,  norm 


(    Help    )    (    Apply   )    (  Cancel  ) 

I  FIGURE  7.80  2D_ACG_1  model  Subdomain  Settings  (2,  28)  edit  window 


Equation 

crtAz/dt  +  V  x  (Mo-'ll,"1^  x  Az  -  B,))  -  oAV/L  +  J% 


Croup: 
^  Select  by  group 
0  Active  in  this  domain 


[  Physics      Infinite  Elements 


Forces      Init  Element 


Color  U 


Material  properties  and  sources 

Library  material:  (  Samarium  Cobalt  (Radial,  inward)    l-j^    (  Load.,,  ) 


Quantity  Value/Expression 

AV  T  


H  ..  B 


-0.84[T|»x/sqrt(>  -0.84|Tl*y/sqrI0 


Unit  Description 

V  Potential  difference 

m  Length 

A/m2  External  current  density 

S'm  Electric  conductivity 
Constitutive  relation 

1  Relative  permeability 

T  Remanent  flux  density 


(     Help     )    (    Apply   )    (  Cancel  ) 

I  FIGURE  7.81  2D_ACG_1  model  Subdomain  Settings  (20,  23,  24,  27)  edit  window 
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Equation 


(rtA2/at  +  7  x  (u^'u^'lV  x  A2  -  BjJ)  -  oAV/L  +  /% 


Croup: 
^  Select  by  group 
M  Active  in  this  domain 


[  Physics  Infinite  Elements  Forces  Init  Element 
Material  properties  and  sources 

Library  material:   1   Samarium  Cobalt  (Radial,  outward)    t  L 


Value/Expression 


Unit  Description 

V  Potential  difference 

m  Length 

A/m2  External  current  density 

S'm  Electric  conductivity 
Constitutive  relation 

1  Relative  permeability 

T  Remanent  flux  density 


(    Help    )    (   Apply  ) 


(  Cancel  ) 


(       OK  * 




I  FIGURE  7.82  2D_ACG_1  model  Subdomain  Settings  (21,  22,  25,  26)  edit  window 


Mesh  Generation 

From  the  toolbar,  select  Mesh  >  Free  Mesh  Parameters  >  Global.  Select  Predefined 
mesh  sizes  >  Finer  (from  the  pull-down  list).  Select  "Custom  mesh  size."  Enter  2  in 
the  Resolution  of  narrow  regions  edit  window.  See  Figure  7.84. 
Click  the  Remesh  button,  and  then  click  OK.  See  Figure  7.85. 


«  


f  Subdomains  Croups  ' 
Subdomain  selection 


Subdomain  Settings  -  Moving  Mesh  (ALE)  (ale) 


22  (rotate_CCW> 

23  (rotate.CCW) 

24  (rotate_CCW) 

25  (rotate_CCW) 

26  (rotate  CCW) 


Croup:  £ 


Select  by  group 
f^Tj  Active  in  this  domain 


Init      Element      Color  l_ 


Mesh  displacement  — 

Quantity      Value/Expression  Unit 

O  Physics  induced  displacement 

dx.dy   q  ~  o  m 

@  Prescribed  displacement 

dx.dy    cos{2->pj*rp  sin{2*pi*rp 
Q  Free  displacement 
(J  No  displacement 


Displacement  variables 


Displacement  expressions 


C    Help    )    (  Apply  )    (  Cancel  ) 


I  FIGURE  7.83  2D_ACG_1  model  Subdomain  Settings  (1 9-28)  Moving  Mesh  edit  window 
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\ZS  F~  Mesh  Para 

f  Global       SubJutiiaifi       Suunddi  y       Puiru  Advanced 
Q  Prerlrfinpri  nrwsh  st?M{  I  Fin»r 

^  Custom  mesh  size 


Maximum  element  size  scaling  factor:  0.55 
Element  growth  rate: 
Mesh  curvature  factor: 
Mesh  curvature  cutoff: 
Resolution  of  narrow  regions: 


Optimize  quality 


Refinement  method:      Regular    "  | 


(  Canr?!  ) 
(    Apply  ) 


I  FIGURE  7.84  2D  ACG  1  model  Free  Mesh  Parameters  edit  window 


-0.6  -OS  -04  -01  -07  -0.1 


oi         o?         oi         04         os  or. 


Sj.td  COMSOl  Model  file  !D_»CC_1  JT.ph 
Saved  LUMMJL  Mofltl  till 
«»«»»  »Ml974 

(  0.103.  -0.4JU 


I    I     (equal  I     I       i  r 
I  FIGURE  7.85  2D  ACG  1  model  mesh 
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Solvei  Pdtdmeteii 


Analysis 


(  Static 


!  General  Stationary 


M  Auto  leleci  sohrer 
Solver  

Time  dependent 

Eigenvalue 

PardTtirlrit. 

Stationary  segregated 
Parametric  segregated 


I  inear  <y<rem  solver 


Linear  system  solver    [  Direct  1UMFPACK) 

Preconditloner 


(    Settings.  ) 


<~i  Adaptive  mesh  refinement 


'  Automatic 


I  FIGURE  7.86  2D_ACG_1  model  Solver  Parameters  edit  window 

Solving  the  Static  2D_ACG_1  Model 

Using  the  menu  bar,  select  Solve  >  Solver  Parameters. 

note^  The  COMSOL  Multiphysics  software  automatically  selects  the  solver  best 
suited  for  the  particular  model  based  on  the  overall  evaluation  of  the  model.  The 
modeler  can,  of  course,  change  the  chosen  solver  and  the  parametric  settings.  It  is 
usually  best  to  try  the  selected  solver  and  default  settings  first  to  determine  how  well 
they  work.  Then,  once  the  model  has  been  run,  the  modeler  can  do  a  variation  on  the 
model  parameter  space  to  seek  improved  results. 


Select  "Static"  from  the  Analysis  pull-down  list.  See  Figure  7.86.  Click  OK. 
Using  the  menu  bar,  select  Solve  >  Solve  Problem.  See  Figure  7.87. 
Click  the  Save  button.  Select  File  >  Save  As.  Enter  2D_ACG_2.mph  in  the  Save 
As  edit  window.  See  Figure  7.88.  Click  OK. 


note^  The  2D_ACG_1  model  (static)  solution  was  built  to  gain  experience  in  the 
creation  of  a  complex  geometrical  model.  It  was  saved  as  2D_ACG_2.mph  and  will  act 
as  the  initial  estimate  for  the  2D_ACG_2  model  (transient)  solution. 
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j 0 I. .i'.o i  ■  t,i-.e  94 7 J  I 

Sjvcd  COMSOl  Model  lite  ZD  ACC  IjnpU 

hn»»Kw  ncriwl  irrnu  it  jgjgHgj  M  l-fl.l«*4».-0  JS»W  

(0.30S.  6.467)  I        [EQUAL  SNAP " 


"i — i — r 


I  FIGURE  7.87  2D  ACG  1  model  solution 


Save  As:  1 2D_ACG_2jmph~ 


Q  9_Mo__ls 


2D_ACC_l.mph 
2D_ACC.l_ConsQnu.txI 
2  D_ACC_  1  .Geometry,  mphbin 

2D.CIS.2  mph 

ES_2b.mph 

FK_?h_rnmranK  Bfl 

EtS_2b_.V.Drt 

Err.2_  mpn 

EfT_2a_Comtams.txt 

EtT_2a_SV.txt 

Ctr»rator_2D_l.mph 

Cr>  n» r„tor_?n_l  mphhin 

cenerator  2U  1  ceometrv.dxi 

CencfdlOf  .20.2. mph 


FM 


Monday.  March  16.  2009  5  41  PM 


Saturday.  March  7.  2009  10  40  AM 
Sunday.  March  1.  2009  11  07  AM 
Thursday.  Marrh  .  7009  7  1R  PM 
inursoav.  March  ».  20U_  2  14  M 
Monday.  March  2.  2009  3  39  PM 
Thursday.  March  5.  2009  2  10  PM 


Wednesday,  February  m.  2UU9  /  3b  km 
Thursday.  February  19.  2009  7  32  AM 


File  Format:    COMSOL  Multiphysics  Mo...  -}-\ 


(  New  Folder"^ 


(  Cancel  . 


I  FIGURE  7.88  2D_ACG_2  model  initial  solution 
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Model  Navigator 


New      Model  Library      User  Models      Open  Settings 


1  a  9_Models  g 


Date  Modified 


File  Format:  [  COMSOL  Multiphysks  Mo...  f4j 


I  FIGURE  7.89  2D_ACG_2  Model  Navigator  initial  solution  selection 

2D  AC  Generator  Model  (2D  ACG  2):  Transient  

The  following  numerical  solution  model  (2D_ACG_2)  follows  directly  from  the  earli- 
er model  2D_ACG_1  model,  which  was  built  in  the  preceding  subsection.  In  this  next 
subsection,  the  transient  2D  generator  model  (2D_ACG_2)  uses  the  static  2D_ACG_1 
model  as  the  initial  solution  to  the  transient  problem.  The  transient  version  avoids  all 
the  complex  geometrical  building  by  starting  with  the  earlier  saved  solution. 

To  start  building  the  2D_ACG_2  model  (transient)  solution,  activate  the 
COMSOL  Multiphysics  software.  In  the  Model  Navigator,  select  "Open."  Select 
"2D_ACG_2.mph."  See  Figure  7.89. 

Click  OK.  See  Figure  7.90. 


note^  Because  the  initial  solution  to  the  transient  2D_ACG_2  model  has  already  been 
built  and  verified,  the  modeler  can  proceed  directly  to  implementing  the  necessary 
transient  solver  setup  parameters. 

Solving  the  Transient  2D_ACG_2  Model 

Using  the  menu  bar,  select  Solve  >  Solver  Parameters.  Select  "Transient"  from  the 
Analysis  pull-down  list. 
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I  FIGURE  7.90  2D_ACG_2  Model  Navigator  initial  solution 


note^  The  COMSOL  Multiphysics  software  automatically  selects  the  solver  best 
suited  for  the  particular  model  based  on  the  overall  evaluation  of  the  model.  The 
modeler  can,  of  course,  change  the  chosen  solver  and  the  parametric  settings.  It  is 
usually  best  to  try  the  selected  solver  and  default  settings  first  to  determine  how  well 
they  work.  Then,  once  the  model  has  been  run,  the  modeler  can  do  a  variation  on  the 
model  parameter  space  to  seek  improved  results. 


In  the  Times  edit  window,  enter  linspace(0 ,0 .25  2-6) .  For  later  versions  of  COMSOL 
Multiphysics  software  enter  range(0 ,0.25/25 ,0.25).  In  the  Absolute  tolerance  edit  win- 
dow, enter  Az  le-3  1ml  5e3.  Click  the  Apply  button.  See  Figure  7.91 .  Click  OK. 

note^  It  is  important  to  enter  the  Solver  Parameters  exactly  as  specified;  otherwise, 
the  modeler  will  see  error  messages. 


Using  the  menu  bar,  select  Solve  >  Restart.  See  Figure  7.92. 
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Analysis 


Transient 

W  Auto  select  solver 

Sulver. 

Statiuriary 

hme  dependent  ■ 

Eigenvalue 

FhnMMrtc 

Parametric  segregated 

'_'  Adaptive  mesh  refinement 


I  Central      Time  Sleeping 


Tim*  tteppir 


Hnip*fHO,0  JSJb) 


Relative  tolerance. 
Absolute  tolerance. 
0  Allowtumpkx  iiumU«r> 


Ai  leO  Iml  5e3 


Linear  system  solver 
Linear  system  solver 

Precondilioner 


IlirwtWMfkAl  K) 


J} 
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Surface 


Contour 


Boundary 


Arrow  Principal        ►  ' 


Plot  type 
0  Surface 
M  Contour 
Q  Boundary 
f^}  Arrow 
Q  Principal 
^2  Streamline 
Q  Particle  tracing 
^2  Max/min  marker 
^2  Deformed  shape 
Q  Geometry  edges 


Solution  to  use 
Solution  at  time: 

Time: 


0.2 


Solution  at  angle  (phase):  0 

Frame:  j  Frame  (alt) 
Geometries  to  use 


degrees 


□  Element  selection 

Logical  expression  for  inclusion 


Element  nodes  to  fulfill  expression 

'~Ali 


Element  refinement:  Ml  Auto 


Plot  in:  [  Main  axes  □  Keep  current  plot 

(  Smoothing!?")     (       Title...       )    n  Make  rough  plots 


I  FIGURE  7.93  2D_ACG_2  model  Plot  Parameters,  General  tab 


Postprocessing  and  Visualization 

The  default  plot  shows  a  surface  plot  of  the  normal  magnetic  flux  density  in  teslas  for 
the  solution  at  0.25  second.  To  visualize  the  field  distribution,  the  plot  parameters  will 
need  to  be  modified. 

Select  Postprocessing  >  Plot  Parameters  >  General.  Check  the  Surface  and  Contour 
check  boxes  under  Plot  type.  Uncheck  the  Geometry  edges  check  box.  Select  "Solution 
at  time  0.2  seconds"  from  the  Solutions  to  use  pull-down  list.  See  Figure  7.93. 
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I  Surface  plot 


Parametef!i 

Boundary 


Height  Data 


Arrow  Principal  ► 


Predefined  quantities:  1  Magnetic  flux  density,  norm  l-f-j  (  Range...  ) 
Expression:  normB_emqa  M  Smooth 

Unit:  !  T  *H 


-Coloring  and  fill- 

Coloring:       \  Interpolated       ^%r\         Fill  style: 


Filled 


Surface  color 


@  Colormap:  jet  >j\  Colors: 

O  Uniform  color:     r  Color...  I 


Color  scale 


(    Help    )    (   Apply   )    (  Cancel  ) 

I  FIGURE  7.94  2D_ACG_2  model  Plot  Parameters,  Surface  tab 


Click  the  Surface  tab.  Select  "Magnetic  flux  density,  norm."  See  Figure  7.94. 

Click  the  Contour  tab.  Enter  Az  in  the  Expression  edit  window.  Enter  15  in  the 
Levels  edit  window.  Click  the  Uniform  color  radio  button.  Click  the  Color  button,  and 
select  black.  See  Figure  7.95. 
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Boundary  Arrow  Principal  ►! 


General  Surface 


M  Contour  plot 


Height  Data      Color  Data  ' 


Predefined  quantities:  Magnetic  potential,  z  com...  l-$-j 
Expression:  [az 

Unit:  I  Wb/m  C  | 


M  Smooth 


Contour  levels 


Levels:  ©  15 

□  Labels 


Number  of  levels  Vector  with  isolevels 

I  o 


Contour  color 
O  Colormap: 


Colors:  1024 


M  Color  scale 


(•)  Uniform  color:  (  Color.Tj 
□  Filled 


(    Help    )    (   Apply   )    (  Cancel  ) 

I  FIGURE  7.95  2D_ACG_2  model  Plot  Parameters,  Contour  tab 


Click  OK.  See  Figure  7.96. 

To  view  the  induced  voltage  as  a  function  of  time,  select  Postprocessing  > 
Domain  Plot  Parameters  >  Point.  Select  point  10.  Enter  Vi*NN  in  the  expression  edit 
window.  See  Figure  7.97. 

Click  OK.  See  Figure  7.98. 
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(-0.497.  -0.439)  |  EQUAL  I  SNAP 


I  FIGURE  7.96  2D_ACG_2  model  magnetic  flux  density  and  magnetic  potential 


I  FIGURE  7.97  2D_ACG_2  model  Domain  Plot  Parameters  edit  window 
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ft  n  O  Figun 


Vi'NN 


I  FIGURE  7.98  2D_ACG_2  model  induced  voltage  vs.  time 


Postprocessing  Animation 

Select  Postprocessing  >  Plot  Parameters  >  Animate.  Select  or  verify  that  all  of  the 
solutions  in  the  Solutions  to  use  window  are  selected.  See  Figure  7.99. 
Click  the  Start  Animation  button.  See  Figure  7.100. 

Alternatively,  you  can  play  the  file  Movie7_ACG_2.avi  that  was  supplied  with 
this  book. 

2D  AC  Generators,  Static  and  Transient  Models:  Summary  and  Conclusions 

In  this  section,  we  built  two  2D  AC  generator  models:  static  and  transient.  These 
models  generate  low-frequency  (60  Hz)  current  and  voltage,  as  would  be  typically 
found  on  the  power  transmission  grid.  They  demonstrate  the  use  of  both  hard  (not 
easily  magnetized)  and  soft  (easily  magnetized)  nonlinear  magnetic  materials  in  the 
construction  of  a  rotating  machine  for  the  conversion  of  mechanical  energy  to  elec- 
trical energy. 

The  modeling  and  physics  concepts  employed  in  this  section  of  Chapter  7  are 
mechanical  to  electrical  energy  conversion,  hard  and  soft  nonlinear  magnetic  materials, 
moving  mesh  (ALE),  and  geometric  assembly  (pair  creation  across  a  boundary). 
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Principal        Streamline        Particle  Tracing       Max/Min  Deform 


Movie  settings 
File  type: 
Width  (in  pixels): 
Height  (in  pixels): 
Frames  per  second: 


480 


t  Advanced...  J 


Static  I  Eigenfunction  animation 

Cycle  type.  [  Full  harmonic  h-f-j 


Number  of  frames:  11 


n  Reverse  direction 

^  Use  camera  settings  from  main  window 


Solutions  to  use 


Select  via:  [  Stored  output  times 


(  Start  Animation  \ 


(    Help    )    (   Apply   )     (  Cancel  ) 

I  FIGURE  7.99  2D_ACG_2  model  Plot  Parameters,  Animate  tab 


■  2D  AC  Generator:  Sector — Static  and  Transient 

In  this  section,  static  and  transient  sector-based  models  are  developed  that  are  only 
one-eighth  the  size  of  the  full-size  model.  The  sector  models  utilize  the  inherent  basic 
symmetry  employed  in  AC  generators.  Additionally,  an  ordinary  differential  equa- 
tion28 is  incorporated  into  the  model  to  allow  the  exploration  of  the  torques  resulting 
from  the  magnet  forces  inherent  in  this  AC  generator  design.  In  these  machines,  the 
generation  of  AC  power  is  accomplished  through  the  application  of  Faraday's  law  of 
induction.  In  the  following  models,  a  magnetic  vector  potential  (A)  is  employed  that 
has  only  the  z  component. 
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&  y 


Time  =0.25 

Surface:  Magnetic  flux  density,  norm  [T| 
Contour:  Magnetic  potential,  z  component  [Wb/m] 


Max:  1.462         Max:  0.0369 


-0.6  -0.4  -0.2 


0.2  0.4  0.6 


0.0369 

m 

0.0317 

0.0264 

■ 

« 

0.0211 

-  - 

i 

0.0158 

0.0106 

0.0053 

-  - 

0.8 

0 

0.6 

-0.0053 

-0.0105 

0.4 

-0.0158 

-0.0211 

-0.0264 

1 

-0.0317 

-0.0369 

Mln 

3.584e-6 

Mln 

-0.0369 

I  FIGURE  7.100  2D_ACG_2  model  animation,  final  frame 


Rotation  is  modeled  using  deformed  Mesh  Application  Mode  (ALE).  The  rotor 
and  the  stator  are  drawn  separately  and  then  combined  as  an  assembly. 

The  materials  employed  in  this  model  are  high-energy  samarium-cobalt  magnets 
with  nonlinear  soft  iron  pole  pieces. 

2D  AC  Generator  Sector  Model  (2D_ACGS_1):  Static 

The  following  numerical  solution  model  (2D_ACGS_1)  is  derived  from  a  model  that 
was  originally  developed  by  COMSOL  as  an  AC/DC  Module  Motors  and  Drives 
Library  Model.  First,  this  2D  generator  model  will  be  built  as  a  static  (stationary) 
model.  In  the  next  subsection,  the  static  model  will  be  used  as  the  starting  point  for  the 
transient  (rotating)  model  (2D_ACGS_2). 

To  start  building  the  2D_ACGS_1  model,  activate  the  COMSOL  Multiphysics 
software.  In  the  Model  Navigator,  select  "2D"  (the  default  setting)  from  the  Space 
dimension  pull-down  list.  Select  AC/DC  Module  >  Rotating  Machinery  >  Rotating 
Perpendicular  Currents.  Enter  Az  X  Y  Z  in  the  Dependent  variables  edit  window.  See 
Figure  7.101.  Click  OK. 
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Model  Navigator 


I  Library      User  Models      Open  Settings 


Space  dimension: 

3  Application  Modes 

►   L_j  COMSOL  Multiphasics 

T  m  AC/DC  Module 

►  ^  Statics 

►  Quasi-Statics,  Electric 

►  £j  Quasi-Statics.  Magnetic 

►  LJ  Quasi-Statics,  Electromagnetic 
v       Rotating  Machinery 


Pi 


Rotating  Perpendk 


►  ,  Electro  Thermal  Interaction 

►  Heat  Transfer  Module 

►  Q  MEMS  Module 

►  LJ  RF  Module 


Dependent  variables: 


AzX  YZ 


Application  mode  name:    emqa  ale 

Element:  f  Lagrange  -  Quadra.-  t-y^ 


AC/DC  Module 


Description: 


A  predefined  combination  of 
application  modes  for  rotating 
electro-mechanical  devices.  Combines 
Perpendicular  induction  Currents  with 
Moving  Mesh  for  modeling  of  rotating 
electro-mechanical  applications  such 
as  electric  motors. 


Multiphysics 


I  FIGURE  7.101  2D_ACGS_1  Model  Navigator  setup 


note'^  Be  sure  to  change  the  dependent  variables  from  lowercase  x,  y,  z  to  uppercase 
X,  Y,  Z.  This  demonstrates  that  the  modeler  can  alter  the  Reference  Frame  in  COMSOL 
Multiphysics  Software,  if  needed.  Also  note  that  the  Model  Navigator  shows  two  names 
in  the  Application  mode  name  edit  window:  emqa  and  ale.  Those  names  — emqa 
(Rotating  Perpendicular  Currents)  and  ale  (Moving  Mesh)  — indicate  the  Application 
Modes  employed  in  this  modeling  analysis. 

Select  File  >  Save  As.  Enter  2D_ACGS_1  .mph  in  the  Save  As  edit  window.  Click 
the  Save  button. 

Constants 

Using  the  menu  bar,  select  Options  >  Constants.  In  the  Constants  edit  window,  enter 
the  information  shown  in  Table  7.19;  also  see  Figure  7.102.  Click  OK. 

Generator  Sector  Geometry 

Select  File  >  Import  >  CAD  Data  From  File  >  2D_ACG_l_Geometry.mphbin.  See 
Figure  7.103. 
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Table  7.19    Constants  Edit  Window 


i—  /\  j-/ 1  coaiui  i 

A 

pi*(0.02[m])^2 

Area  of  wires  in  stator 

L 

0.4[m] 

Length  of  generator 

NN 

1 

Number  of  turns  in  stator  winding 

M 

1400[N*m] 

Externally  applied  torque 

Rc 

1e-4[ohm] 

Resistance  of  winding 

10 

100[kg*mA2] 

External  moment  of  inertia 

Name 

Expression 

Value 

Description 

A 

pi*<0.02[m]>A2 

0.001257[m2l 

Area  of  wires  in  stator  a 

L 

0.4(m| 

0.4[m| 

Length  of  generator 

NN 

1 

1 

Number  of  turns  in  stator  winding  H 

M 

1400|N<m] 

1400UI 

Externally  applied  torque 

Rc 

le-4[ohm) 

(le-4)[0| 

Resistance  of  winding 

10 

100|kg'm*2] 

100[m2  kg| 

&  H  (    Help    )    (   Apply   )    Q  Cancel  )    (     OK  ~^ 


I  FIGURE  7.102  2D_ACGS_1  model  Constants  edit  window 


(  OptionsT7~) 


File:  2D_ACG_l_Geometry.mphbin 
!Cj9.Models  1 


□ 

2D  ACC  1  Constants.txt 


B  2D_ACG_2.mph 

D  2D_ACGS_l.mph 

B  2D_ACGS_l_Constants.txt 

D  2D_EI5_l.mph 

3!  JD_EIS_l_Constants.txt 

I  2D_EIS_l_SE.txt 

Pi  ,'n  FIS  ?  mnh  


Monday.  March  16.  2009  5  41  PM 
Saturday.  March  14.  2009  4  16  PM 


Tuesday.  March  17.  2009  3:41  PM 
Wednesday.  March  18,  2009  4:50  PM 
Wednesday.  March  18,  2009  4:48  PM 
Friday.  March  6.  2009  7  54  AM 
Wednesday.  March  18.  2009  2  40  PM 
Wednesday.  March  18,  2009  2:41  PM 
Saturday.  Marrh  7  7009  10  40  AM  


File  Format:    All  2D  CAD  files  I'.dxf; 


(  New  Folder"^ 


(  Cancel  ) 


I  FIGURE  7.103  Import  CAD  Data  From  File  select  window 
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I  FIGURE  7.104  Imported  CAD  file 

Click  the  Import  button.  See  Figure  7.104. 


note^  Now  that  the  geometry  for  the  entire  2D  generator  has  been  imported,  the 
modeler  needs  to  create  the  2D  generator  sector.  Carefully  enter  exactly  the  following 
construction,  to  create  the  2D  generator  sector. 


Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Line.  Select  "Closed 
polyline  (solid)"  from  the  Style  pull-down  list.  Enter  the  following  formula  in  the 
x  edit  window: 

0  0.4*cos(67.5*pi/180)  0.4  0.4*cos(22.5*pi/180)  0 

Enter  the  following  formula  in  the  y  edit  window: 

0  0.4*sin(67.5*pi/180)  0.4  0.4*sin(22.5*pi/180)  0 

See  Figure  7.105. 
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Coordinates 


x:  |  0  0.4^05(67.5^1/180)  0.4o7| 
y:       0  0.4*sin(67.5'pi/180)  0.4  0.4 


(  Cancel  ) 


Style:        Closed  polyline  (solid)  T]      '    APP'V  ^ 


Name.  C03 


I  FIGURE  7.105  Line,  Closed  polyline  (solid)  edit  window 


Click  OK.  See  Figure  7.106. 

Select  the  newly  created  solid  (C03)  only.  Using  the  menu  bar,  select  Edit  > 
Copy.  Using  the  menu  bar,  select  Draw  >  Create  Composite  Object.  Enter  C01*C03 
in  the  Set  formula  window.  See  Figure  7.107.  Click  OK. 

Using  the  menu  bar,  select  Edit  >  Paste.  Click  OK  on  the  x  =  0,  y  =  0  Displacements 
dialog  box. 


I  FIGURE  7.106  2D  generator  geometry  and  closed  polyline  (solid) 
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Object  type 
@  Solids 
O  Curves 
O  Points 


Object  selection: 


Shortcuts 
(  Unit 


3 


(  Intersection  jj 
Sele. 


3 


Set  formu 


C01'C03 


(  Cancel  ) 

(  ) 


M  Keep  interior  boundaries 
17 J  Repair  — 


Repair  tolerance:  1.0E-4 


I  FIGURE  7.107  Create  Composite  Object,  intersection  (C01,  C03) 


Using  the  menu  bar,  select  Draw  >  Create  Composite  Object.  Enter  C02*C01  in 
the  Set  formula  window.  See  Figure  7.108. 

Click  OK,  and  then  click  the  Zoom  Extents  button.  See  Figure  7.109. 

Assemble  the  Geometry  (Stator  and  Rotor) 

Select  both  objects  (C03,  C04).  Locate  the  Create  Pairs  button  on  the  Draw  toolbar. 
See  Figure  7.110. 

Click  the  Create  Pairs  button  on  the  Draw  toolbar.  See  Figure  7.111. 


Object  type 
@  Solids 
O  Curves 
O  Points 


Object  selection: 


Shortcuts 


( 

Union 

) 

Intersection 

) 

( 

Select  All 

) 

( Can"' ) 


M  Keep  interior  boundaries 
77  Repair 


Repair  tolerance  1.0E-4 


I  FIGURE  7.108  Create  Composite  Object,  intersection  (C02,  C01) 
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I  FIGURE  7.109  Created  one-eighth  generator  sector  (C03,  C04) 


I  FIGURE  7.110  Create  Pairs  button  on  Draw  toolbar 


I  FIGURE  7.111  2D_ACGS_1  model  paired  stator  (C03)  and  rotor  (C04) 
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Identity  pairs 


Name:    Pair  1 


(    Mew    )     (  Delete  j 


iddtyPditi 


f  Boundaries  Advanced 


Boundaries 


-J  6 

n« 

n> 

□  10 

■  U 

Lheck  selected 


(  riMrWwt>ri  ^ 
^    Select  Source  } 


16 

n  ir 

1-1  18 

• 

n  is 

Q  zo 

-» 

Check  selected 


(_   Select  Destination  J 


(     H«lp    )     (    Apply   )     (  Cancel  ) 


I  FIGURE  7.112  Identity  Boundary  Pairs  window 


mote^  The  pairing  of  the  rotor  and  the  stator  couples  the  boundaries  of  the  two  separately 
created  geometric  elements.  This  pairing  facilitates  the  use  of  the  sliding  mesh  at  the 
boundary  between  the  rotor  and  the  stator,  which  would  otherwise  be  discontinuous. 

Using  the  menu  bar,  select  Physics  >  Identity  Pairs  >  Identity  Boundary  Pairs. 
Select  Pair  1.  See  Figure  7.112. 

Click  the  Interchange  source  and  destination  button,  which  is  located  between  the 
Source  boundaries  and  Destination  boundaries  fields.  See  Figure  7.113.  Click  OK. 

Options:  Global  Expressions 

Using  the  menu  bar,  select  Options  >  Expressions  >  Global  Expressions.  In  the 
Global  Expressions  edit  window,  enter  the  information  shown  in  Table  7.20;  also  see 
Figure  7.114.  Click  OK. 


I  FIGURE  7.113  Interchange  source  and  destination  button 


Table  7.20    Global  Expressions  Edit  Window 


Tz 


8*L[1/m]*F_torquez_emqa 


Total  torque  for  the  entire  device 
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I  FIGURE  7.114  2D_ACGS_1  model  Global  Expressions  edit  window 


note^  The  insertion  of  [1/m]  in  the  expression  for  Tz  converts  L  into  a  unitless  number. 
Because  of  the  use  of  coupling  variables,  COMSOL  Multiphysics  software  cannot 
determine  the  units  of  other  variables  that  depend  either  directly  or  indirectly  on  the 
coupling  variables.  This  may  cause  inconsistent  unit  warnings  to  appear.  Such  warnings 
can  be  ignored. 

Options:  Subdomain  Expressions 

Using  the  menu  bar,  select  Options  >  Expressions  >  Subdomain  Expressions.  In  the 
Subdomain  Expressions  edit  window,  enter  the  information  shown  in  Table  7.21. 
Click  OK.  See  Figures  7.115  and  7.116. 

Using  the  menu  bar,  select  Options  >  Expressions  >  Subdomain  Expressions.  In 
the  Subdomain  Expressions  edit  window,  enter  the  information  shown  in  Table  7.22. 
Click  OK.  See  Figures  7.117  and  7.118. 

Options:  Subdomain  Integration  Variables 

Using  the  menu  bar,  select  Options  >  Integration  Coupling  Variables  >  Subdomain 
Variables.  In  the  Subdomain  Integration  Variables  edit  window,  enter  the  information 
shown  in  Table  7.23.  Click  OK.  See  Figures  7.119  and  7.120. 


Table  7.21    Subdomain  Expressions  Edit  Window 


1-4 

u 

-y*alphat 

7.115 

1-4 

V 

x*alphat 

7.115 

5-8 

u 

0 

7.116 

5-8 

V 

0 

7.116 

540 


Chapter  7    2D  Complex  Mixed-Mode  Modeling 


Select  bv  group 


Name 

Unit 

u 

-y'alphat 

Q 

(    Help    )    (   Apply   )    (  Cancel  ) 

I  FIGURE  7.115  2D_ACGS_1  model  Subdomain  Expressions  (1-4)  edit  window 


Subdomain  selection 


'_'  Select  by  group 


Expression 


Unit 


(    Help    )    (   Apply   )    (  Cancel  ) 

I  FIGURE  7.116  2D_ACGS_1  model  Subdomain  Expressions  (5-8)  edit  window 


Table  7.22    Subdomain  Expressions  Edit  Window 


1 

rho 

7870[kg/mA3] 

7.117 

2,  4 

rho 

8400[kg/mA3] 

7.118 

Table  7.23    Subdomain  Integration  Variables  Edit  Window 


Name 

Integration  Order 

Global 

Figure  Number 

1,  2,  4 

I 

8*L*rho*(xA2+y^2) 

4 

Yes 

7.119 

7,  8 

Vi 

8*L*NN*Ez_emqa/A 

4 

Yes 

7.120 
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Subdomain  selection 

Name 
u 

-V*alphat 

Unit 
D 

2 

x^alphat 

3 

4 
5 
6 
7 
8 

□  Select  bv  group 

(    Help    )    (   Apply   )    (  Cancel  ) 

I  FIGURE  7.117  2D_ACGS_1  model  Subdomain  Expressions  (1)  edit  window 


omain  Expressk 


Subdomain  selection 


Name 

Expression 

Unit 

U 

-Y'alphat 

[] 

V 

x'alphat 

0 

I  FIGURE  7.118  2D_ACGS_1  model  Subdomain  Expressions  (2,  4)  edit  window 


Subdomain  selection 


Select  bv  group 


Destination  l_ 


Name 

Expression 

Integration  order 

Frame 

Global  destit 

Frame  (ref)  NT 

!! 

a 

a 

:  i 

M 

: 

a 

a 

a 

a 

a 

9 

a 

a 

: 

a 

>    -  ► 

(    Help    )    (    Apply   )    (  Cancel  ) 


I  FIGURE  7.119  2D_ACGS_1  model  Subdomain  Integration  Variables  (1,  2,  4)  edit  window 
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f  Source 


Subdomain  selection 


'_'  Select  by  group 


Name 

Expression 

Integration  order 

Frame 

Global  destit 

1 

*  1 

Frame  (ref) 

T  ' 

: 

: 

f    Help    )    (   Apply  )    (  Cancel  )    (     OK  ) 


I  FIGURE  7.120  2D_ACGS_1  model  Subdomain  Integration  Variables  (7,  8)  edit  window 


note^"  Because  of  the  use  of  coupling  variables,  COMSOL  Multiphysics  software 
cannot  determine  the  units  of  other  variables  that  depend  either  directly  or  indirectly 
on  the  coupling  variables.  This  may  cause  inconsistent  unit  warnings  to  appear.  Such 
warnings  can  be  ignored. 

Physics  Subdomain  Settings:  Moving  Mesh  (ALE)  (ale) 

Using  the  menu  bar,  select  Multiphysics  >  Moving  Mesh  (ALE)  (ale).  Select  Physics  > 
Subdomain  Settings.  Select  subdomains  1-4 .  Select  "angle_CCW"  from  the  Group 
pull-down  list.  See  Figure  7.121.  Click  OK. 


note^"  The  selection  of  "angle_CCW"  makes  the  variable  omega  available  for  use  in 
the  ODE,  once  defined  later. 


Application  Mode  Properties:  Perpendicular  Induction 
Currents,  Vector  Potential  (emqa) 

Using  the  menu  bar,  select  Multiphysics  >  Perpendicular  Induction  Currents,  Vector 
Potential  (emqa).  Select  Physics  >  Properties.  Select  "Frame  (ref)"  from  the  Frame 
pull-down  list.  Select  "On"  from  the  Weak  constraints  pull-down  list.  See  Figure  7.122. 
Click  OK. 

Physics  Subdomain  Settings:  Perpendicular  Induction 
Currents,  Vector  Potential  (emqa) 

Using  the  menu  bar,  select  Physics  >  Subdomain  Settings.  Select  subdomain  1  in  the 
Subdomain  selection  window.  Click  the  Load  button. 
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i  Subdomains      Groups  \ 


Subdomain  selection 


1  (angle_CCW> 

2  (angle_CCW) 

3  (angle.CCW) 


5  (default) 

6  (default) 

7  (default) 


Croup: 


Q  Select  by  group 

M  Active  in  this  domain 


nng  Mesh  (ALE)  (ale) 


Init 


Element  Color 


Mesh  displacement 

Quantity  Value/Expression 

O  Physics  induced  displacement 
dX.dY  n 


@  Prescribed  displacement 

t'X,t'Y    cosi  omega  sin(omega) 
O  Free  displacement 
O  No  displacement 


Unit  Description 

m      Displacement  variables 

m      Displacement  expressions 


Help  '  Apply 

I  FIGURE  7.121  2D_ACGS_1  model  Subdomain  Settings  (1-4)  Moving  Mesh  (ALE)  edit  window 


Select  Electric  (AC/DC)  Materials  Properties  Library  >  Soft  Iron  (without  losses). 
Click  the  Apply  button. 

Select  Electric  (AC/DC)  Materials  Properties  Library  >  Samarium  Cobalt  (Radial, 
inward).  Click  the  Apply  button. 

Select  Electric  (AC/DC)  Materials  Properties  Library  >  Samarium  Cobalt  (Radial, 
outward).  Click  the  Apply  button.  See  Figure  7.123.  Click  the  Cancel  button. 


Properties 

Default  element  type:  1  Lagrange  -  Quadratic  '  j  } 
Analysis  type:  1  Transient  TiT) 

Bias  application  mode: 
Frame: 

Weak  constraints. 
Constraint  type: 


None 


[  Frame  (ref) 
1  Ideal 


(    Help    )     (  Cancel  ^ 


I  FIGURE  7.122  2D_ACGS_1  model  Application  Mode  Properties, 
Perpendicular  Induction  Currents,  Vector  Potential  (emqa) 
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Model  (0) 

Soft  Iron  (without  losses)  (| 
Samarium  Cobalt  (Radial,  ii 


f 


Basic  Material  Properties  (28) 
Liquids  and  Gases  (18) 
MEMS  Material  Properties  (33) 
Heat  Transfer  Coefficients  (8) 
Electric  (AC/DC)  Material  Prop 
Copper 

Soft  Iron  (without  losses) 

Samarium  Cobalt  (Radial,  c 

Samarium  Cobalt  (Radial,  i 

Quartz 

Graphite 

Graphite  felt 

Silicon  Carbide 
Piezoelectric  Material  Propertii 
User  Defined  Materials  (1) 
FeNi  Material  Properties  (5) 
Ductile  Iron  Material  Propertie: 
Library  10  (8) 


rials/Coefficien 

Material  properties 


Name:    Samarium  Cobalt  (Radial,  outward) 


I   Physics        Elastic  Electric 


Fluid 


Piezoelectric 


Quantity 


Value/Expression 


Description 


Br  0.84[T|'x/sqrt(x«2+yA2)  0....  Remanent  flux  de... 

epsilonr  1                                       Relative  permittivity 

fH  Nonlinear  magneti... 

murtensor2D  Relative  permeabil... 


|~l  Hide  undefined  properties 


(  Functions...  ) 

c 


Plot 


) 


I  FIGURE  7.123  2D_ACGS_1  model  Materials/Coefficients  Library  load  window 


note^  The  last  three  commands  added  the  three  selected  materials  to  the  Model  (0) 
Library  for  use  in  this  model. 

In  the  Subdomain  edit  windows,  enter  the  information  shown  in  Table  7.24.  Click 
the  Apply  button.  See  Figures  7.124-7.127. 


Table  7.24    Subdomain  Edit  Windows 


Subdomain 

B  Setting 

Material 

Figure  Number 

1,6 

H 

=  f(|B|)eB 

Soft  iron  (without  losses) 

7.124 

2 

B 

=  M-o(\H  +  Br 

Samarium  cobalt  (radial,  outward) 

7.125 

4 

B 

=  M-oMtH  +  Br 

Samarium  cobalt  (radial,  inward) 

7.126 

3,  5,  7,  8 

B 

=  M-oM-rH 

7.127 
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Equation 


adAz/dt  +  V  x  H  =  oAV/L  +  fz 





Groups 


Subdomain  selection 


[~1  Select  by  group 

Ml  Active  in  this  domain 


Infinite  Elements      Forces      Init  Element 


Material  properties  and  sources 
Library  material: 


Soft  I 


(withe 


I  lossts)  \4>^    (  Load...  > 


Quantity  Value/E 

AV 


L 


0[S/m| 


H"B  I  H=.f(IBI) 
IHI 


HB(normB_emqa|l/T])|A/m| 


Unit  Description 

V  Potential  difference 

m  Length 

A/™2  External  current  density 

S,m  Electric  conductivity 
Constitutive  relation 

A/m  Magnetic  field,  norm 


(     Help    )    (    Apply   )    (  Cancel  ) 

I  FIGURE  1.124  2D_ACGS_1  model  Subdomain  Settings  (1,  6)  edit  window 


Equation 

trSAz/3t  +  V  x  (u^y'lV  x  Az  -  B,))  -  oAV/L  +  J% 


(  Physics      Infinite  Elements      Forces      Init      Element      luic.i  I 


Material  properties  and  sources 


Library  material:  (  Samarium  Cobalt  (Radial,  outward)  l-y|    (  Load...  ^ 


Quantity  Value/Expression 

AV  -„  


Unit  Description 

V 


Potential  difference 
Length 


0.84|T|*x/sqrt(x'  0.84|T]>/sqrt(x' 


A/m    External  current  density 
S'm    Electric  conductivity 
Constitutive  relation 
1        Relative  permeability 
T        Remanent  flux  density 


(     Help     )    (    Apply   )    (  Cancel  ) 

I  FIGURE  7.125  2D_ACGS_1  model  Subdomain  Settings  (2)  edit  window 
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« r 


I] 


CrouD 
□  Stkct  bv  group 
Active  in  Ihij  domain 


|  Physics       Infinite  Elements 


Funes 


inn 


Material  propeft.es  and  sources 

Library  material:  1  Samarium  Cobalt  (Radial,  inward)  J  I  Load 
Quantitv      Value/Expression  Unit  Description 


L 

P» 


». 


B  -  U0u,H  +  B, 


-0.84ITI'»/surtt]  -O.MITTy/sqrtll 


Potential  difference 
m  Length 

A/m2  Externa]  current  density 
S'm    Electric  conductivity 
rnntfitutive  relation 
1        Relative  permeability 
T       Remanent  flux  density 


(    Help    )    (    Apply   )    (  Cancel  ) 

I  FIGURE  7.126  2D_ACGS_1  model  Subdomain  Settings  (4)  edit  window 


Select  subdomains  7  and  8 .  Enter  NN* Vi/(Rc* A)  in  the  External  current  density 
edit  window.  See  Figure  7.128.  Click  the  Apply  button. 

Click  the  Forces  tab.  Select  subdomains  1,2,  and  4.  Enter  F  as  the  name  of  the 
variable.  Click  the  Apply  button.  See  Figure  7.129.  Click  OK. 


Filiation 

odAjdl  +  V  x  l|i0       *V  x      «  aflV/L  +  J% 


Gruup> 


0  Select  bv  qroup 

0  Active  in  ihis  domain 


Itifinite  ElerTHrtiii       Fuitei       Inil       Element  Co* 


uTU 


Material  properties  and  sources 


Library  material 


3  (^T) 


Quantity  Value/Expression 

AV  fi  


Unit 

V 


-  U0urH 


™  Length 

A/m2  External  current  density 
S'm    Electric  conductivity 
Constitutive  relation 
1        Relative  permeability 


(     Help     )    (    Apply    )    (  Cancel  ) 

I  FIGURE  7.127  2D_ACGS_1  model  Subdomain  Settings  (3,  5,  7,  8)  edit  window 
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Fquatinn 


ffM,/dt  +  Vx(|i0  \  1VxAp-aflV/l.  +  j'a 


Gruupi 


SuKrinm-iin  <e.wtinn 


Croup.   C 

□  Select  by  group 

M  Active  in  this  domain 


Element*       Funes       Inil       Element  Colui 


Material  properties  and  sources 
Library  material:  I 


J§    (  Load...  ) 


Quantity  Val 

ftV 


Unit  Description 

V 


t 


HN-VS/IRc-A, 


n  


Potential  difference 
m  Length 

A/m2  External  current  density 
~|  5'm    EUctric  conducttvfty 
rnnstitiilivr'  relation 

—  1 


(     Help     )    (    Apply   )     (  Cancel  ) 

I  FIGURE  7.128  2D_ACGS_1  model  Subdomain  Settings  (7,  8)  edit  window 


Physics  Boundary  Settings:  Perpendicular  Induction 
Currents,  Vector  Potential  (emqa) 

Using  the  menu  bar,  Select  Physics  >  Boundary  Settings.  Select  boundaries  1—4,  7, 
8,  15, 16,  19,  and  20  in  the  Boundary  selection  window. 


Fqnatinn 

crdA  /r)t  +  V  X  H  «  ccW/L  +  i' 


Physics       Infinite  elements 


Inil  Element 


Electromagnetic  force  variables 


point 

F 

00 

Given  a  name  above.  COMSOL  Multiphysics  generates  Maxwell 
surface  stress-tensor  boundary  variables  and  scalar  variables 
for  the  total  electromagnetic  force  and  torque. 
Examples. 

name_force*_emca  for  the  total  force  in  the  x  direction. 
name_torqucx_cmqa  for  the  total  torque  around  the  x  axis. 


(    Help    )    (   Apply   )    (  Cancel  ) 

I  FIGURE  7.129  2D_ACGS_1  model  Subdomain  Settings  (1,2,  4)  Forces  edit  window 
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Equation 
Ad«-A« 


f  Boundaries  Lroups  Kairs 
ftuundjiy  selection 


r 


WeakLonstr.      Loiofhrvie  I 


Boundary  sources  and  constraints 


Bounds  condition  '  P,r k)dic  condition  l+J 
Type  of  periodicity 


Croup:   

Q  select  by  group 
Q  Inltilui  boundaries 


Perindir  pair  irwie*  ~ 
12  Change  source  and  destination  order 


(    Apply   )    (  Cartel  )  | 


I  FIGURE  7.130  2D_ACGS_1  model  Boundary  Settings  (1-4,  7,  8, 15, 16, 19,  20)  Conditions  page 


On  the  Conditions  page,  select  "Periodic  condition"  from  the  Boundary  condition 
pull-down  list.  Also  select  "Antiperiodicity"  from  the  Type  of  periodicity  pull-down 
list.  See  Figure  7.130. 

Click  the  Weak  Constr.  tab.  Select  boundaries  l-A,  7,  8,  15,  16,  19-21,  and  23  in 
the  Boundary  selection  window.  Uncheck  the  Use  weak  constraints  check  box.  Click 
the  Apply  button.  See  Figure  7.131. 


Boundary  Settings  -  Perpendicular  Induction  Currents.  Vector  Potential  (emqa) 


f  Boundaries  l roups  fairs  ' 
Buunddiy  ietetOun  


Croup: 


□  Select  by  group 
Inleiiur  buunddiie* 


weak 


- .  ■  ' 


"Z1  Use  vwak  constraints 

Pr*o>fin#H  ri»m»ru<       Lagrange  -  Quadratic    Z  1 
Coetficient  Value  Unit 
wcshape  shi»g(2.,imn 


Description 

Shape  functions 

Integration  order 
Initial  value 


C  )   (  *pp»v  )   (  ranf»l  ) 


I  FIGURE  7.131  2D_ACGS_1  model  Boundary  Settings  (1-4,  7,  8, 15, 16, 19-21,  23)  Weak  Constr.  page 
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^rcltt',  -  -Aiil""   ^n/n1Kt> .  s  -  0. 1.  2,  .. 


'  Boundaries  croups 


LondmonM  WeakLonstr.      color. Mvle  ] 


Boundary  sources  and  constraints 

Boundary  condillon:   I   S«,or  intltvmmctrv 


Number  of  sectors 


M  Active  stair 


(    H>ln    )   (  *pnty  )   (  ranrel  ) 


I  FIGURE  7.132  2D_ACGS_1  model  Boundary  Settings  Pairs  selection  (1) 


Click  the  Pairs  tab.  Select  Pair  1.  Select  "Sector  antisymmetry"  from  the 
Boundary  condition  pull-down  list.  Enter  8  in  the  Number  of  sectors  edit  window.  See 
Figure  7.132.  Click  OK. 

Physics  Settings:  Periodic  Point  Conditions 

Using  the  menu  bar,  select  Physics  >  Periodic  Conditions  >  Periodic  Point  Condi- 
tions. Select  point  4  in  the  Point  selection  window.  On  the  Source  page,  enter  1ml 
(Lagrange  Multiplier  1)  in  the  first  row  of  the  Expression  edit  window.  Press  Return. 
See  Figure  7.133. 


(     Help    )     (    Apply   )     (  Cancel  )     ^     0»  j 

I  FIGURE  7.133  2D_ACGS_1  model  Periodic  Point  Conditions  (4)  Source  page 
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Periodic  Point  Conditions 


Destination 


Destination  Vertices 


Constraint  name:  pconstrl 
Vertex  selection: 


Source  vertices: 


The  orientation  of  the  source  domains 
relatively  the  destination  domains  is 
determined  by  matching  source  and 
destination  vertices  in  the  order  they  are 
added. 


I  FIGURE  7.134  2D_ACGS_1  model  Periodic  Point  Conditions,  Source  Vertices  (4)  page 


note^-  When  the  modeler  presses  the  Return  key,  pconstrl  appears  in  the  Constraint 
name  window. 


Click  the  Source  Vertices  tab.  Click  the  »  button  to  select  point  4  as  a  source 
vertex.  See  Figure  7.134. 

Click  the  Destination  tab.  Select  point  11 .  Check  the  Use  selected  points  as  desti- 
nation check  box.  Enter  -lml.  See  Figure  7.135. 


Source 


Source  Vertices      Destination  Vertices  1 


Geometry:  1  'Ceoml  ^  Constraint  name:  1  pconstrl  )-$^ 
Point  selection 


□  8 

n9 

□  10 


12 


Q  Select  by  group 


M  Use  selected  f 
Expression:^7- 


(    Help    )    (   Apply   )    (  Cancel  ) 

I  FIGURE  7.135  2D_ACGS_1  model  Periodic  Point  Conditions,  Destination  page  (1 1) 
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Source      Destination      Source  vertices      Destination  vertices  \ 

Constraint  name:  pconstr  I 


The  orientation  of  the  source  domains 

relatively  the  destination  domains  is 

determined  hy  matching  snurre  and 
destination  vertices  in  the  order  they  are 
added. 


(    Help    )     (    Apply   )     (  Cancel  ) 


I  FIGURE  7.136  2D_ACGS_1  model  Periodic  Point  Conditions,  Destination  Vertices  (1 1)  page 

Click  the  Destination  Vertices  tab.  Click  the  »  button  to  select  point  11  as  a  des- 
tination vertex.  See  Figure  7.136.  Click  OK. 

Physics  Settings:  Global  Equations 

Using  the  menu  bar,  select  Physics  >  Global  Equations.  In  the  Global  Equations  edit 
windows,  enter  the  information  shown  in  Table  7.25.  Click  OK.  See  Figure  7.137. 


Table  7.25    Global  Equations  Edit  Window 


Figure  Number 

omega 

omegatt-(M+Tz)/(l  +  IO) 

0 

0 

Rotation  angle 

7.137 

Fquahnn  f(u.  iit.  utt.  rl  -  fl 


Weak  ' 


Name  tu>      Equation  ftu,ut,un,u 

Inlt  lui 

inn  (uu 

Description 

omega 

omegjtt-.M+TZe/O+IO) 

0 

0 

Rotation  angle 

8ase  unit  system: 


(    Help    )    (    Apply   )    (  Cancel  ) 


I  FIGURE  7.137  2D_ACGS_1  model  Global  Equations  edit  window 
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Free  Mcbh  Parameters 

Ad v jntcd  1 


Subdunuin       Buundaf  y  Puifit 


^  Predefined  mesh  ii2et 
O  Custom  mesh  size 


9 


Maximum  cl^mFni 


12% 


Maximum  element  size  scaling  factor  O.SS 
Element  qrowth  rate: 
Mesh  curvature  factor 
Mesh  curvature  cutoff 
RekolulHjri  uf  lUHUwregiunv 


1 


31  Optimize  quality 


(  Cancel  A 
C   Apply  ) 


f    Reset  to  Defaults    ^     f  Remesh  ^     f      Mesh  Selected  ^ 

I  FIGURE  7.138  2D_ACGS_1  model  Free  Mesh  Parameters  edit  window 


Mesh  Generation 

From  the  toolbar,  select  Mesh  >  Free  Mesh  Parameters  >  Global.  Select  Predefined 
mesh  sizes  >  Finer  (from  the  pull-down  list).  See  Figure  7.138. 

Click  the  Boundary  tab.  Select  boundaries  2,  5-8, 10-12,  14,  19-21 .  Enter  0.005 
in  the  Maximum  element  size  window.  See  Figure  7.139. 


Glutei  SubJunuin 


l>ulnl  Advanced 


Boundary  selection 


(  Select  Remaining  ) 
(     Select  Meshed  ^ 


Boundary  mesh  parameters 
Maximum  element  si2e  0.00S 
Flement  rjrnwth  rate 
Mesh  curvature  factor: 
Mesh  curvature  cutott: 


1 


D  C 


3  C 


J 


(  Cancel  ) 
(   Apply  ) 


c 


J 


I  FIGURE  7.139  2D_ACGS_1  model  Free  Mesh  Parameters,  Boundary  page 
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I  FIGURE  7.140  2D_ACGS_1  model  Copy  Mesh  button 
Click  the  Mesh  Selected  button. 

Select  boundaries  1  and  2.  Click  the  Copy  Mesh  button  on  the  Mesh  toolbar.  See 
Figure  7.140. 

note'**'  The  purpose  of  copying  the  mesh  from  one  edge  to  the  other  edge  is  to  ensure 
that  the  proper  phase  relationship  is  maintained  across  the  mesh.  Otherwise,  there  might 
be  a  mismatch  between  the  edges,  which  would  distort  the  mesh  and  possibly  result  in 
solution  problems. 

Select  boundaries  3  and  7.  Click  the  Copy  Mesh  button. 
Select  boundaries  4  and  8.  Click  the  Copy  Mesh  button. 
Select  boundaries  15  and  19.  Click  the  Copy  Mesh  button. 
Select  boundaries  16  and  20.  Click  the  Copy  Mesh  button,  and  then  click  OK.  See 
Figure  7.141. 


ft  O  n     COMSOHtolUBlWte  -  Ccoml/AUOC  Module  -  PciwndnuU.  Indutw.il  Cu.iWi.  »W.  PMC. 


(O.os.0)  I     IoooIequal  Isnap!        |       I  I 

I  FIGURE  7.141  2D_ACGS_1  model  copied  meshed  boundaries 
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2 

I  FIGURE  7.142  2D_ACGS_1  model  Mesh  Remaining  (Free)  button 

Click  the  Mesh  Remaining  (Free)  button  on  the  Mesh  toolbar.  See  Figure  7.142. 
Figure  7.143  shows  the  meshed  model. 

Solving  the  Static  2D_ACGS_1  Model 

Using  the  menu  bar,  Select  Solve  >  Solver  Parameters. 

note^  The  COMSOL  Multiphysics  software  automatically  selects  the  solver  best 
suited  for  the  particular  model  based  on  the  overall  evaluation  of  the  model.  The 
modeler  can,  of  course,  change  the  chosen  solver  and  the  parametric  settings.  It  is 
usually  best  to  try  the  selected  solver  and  default  settings  first  to  determine  how  well 
they  work.  Then,  once  the  model  has  been  run,  the  modeler  can  do  a  variation  on  the 
model  parameter  space  to  seek  improved  results. 


I  FIGURE  7.143  2D_ACGS_1  model  meshed 
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Solver  Pa 


|  Genet  dl      SutUoiMiy      Aduuiive      Advanced  \  


|V|  Auto  select  solver 
Solver: 

Time  dependent 
Eigenvalue 
Parametric 

Stationary  seqreqated 
Parametric  s 


!    I  Adaptive  mesh  refinement 


Linear  system  solver 

Linear  system  solver:  '  Direct  iumfpack) 


Preconditioner 


3 


jf  Settings ...  j 


Matrix  symmetry:  Automatic 


I  FIGURE  7.144  2D_ACGS_1  model  Solver  Parameters  edit  window 


Select  Stationary  in  the  Solver  selection  window.  See  Figure  7.144.  Click  OK. 
Using  the  menu  bar,  select  Solve  >  Solver  Manager  >  Solve  For.  Unselect  the 
variable  omega  under  ODE(OD).  See  Figure  7.145.  Click  OK. 
Select  Solve  >  Solve  Problem.  Click  the  Save  button. 

Select  File  >  Save  As.  Enter  2D_ACGS_2.mph  in  the  Save  As  edit  window.  See 
Figure  7.146. 

Click  the  Save  button.  See  Figure  7.147. 


note^  The  2D_ACGS_1  model  (static)  solution  was  built  to  gain  experience  in  the 
creation  of  a  complex  geometrical  sector  model.  It  was  saved  as  2D_ACGS_2.mph  and 
will  act  as  the  initial  estimate  for  the  2D_ACGS_2  model  (transient)  solution. 


2D  AC  Generators,  Static  Sector  Model:  Summary  and  Conclusions 

The  static  2D  AC  generator  sector  models  has  now  been  built.  This  model  allows  the 
modeler  to  solve  the  AC  generator  model  through  the  use  of  a  simpler  geometric  rep- 
resentation. It  avoids  some  of  the  potential  problems  that  might  be  observed  at  run 
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Initial  value      Solve  For      Output  Script 


Solve  for  variables 


_J  ODE  i  OD 
omega 


I  «  > 


(     Help     )     (    Solve    )     (    AppV    )     (   Cd   )     f     OK  ) 

I  FIGURE  7.145  2D_ACGS_1  model  with  omega  unselected 


Save  As:  1 2D_ACGS_2tmph" 


2D_»CC_1  mph 
2D_ACG_l_Constams.txt 
20_ACC_l.Ceorrnu-v.rapl 
2D_ACC_2.mph 
2D_ACGS_l.mph 
2 O.ACCS. l.ConHanu  txt 
7n_FI'i_1  mph 
2L)_tib_l_L0nstants.tw 
2D_EI5_l_5£.oa 
2D_EIS_2.mph 
2D_EIS_2_Constanl5.lxl 
2D_EIS_2_SE.txt 


Mondav.  March  16.  2009  5  41  PM 
Saturday  March  14.  2009  4  16  PM 
Monday.  March  16.  2009  6  39  AM 
Tuesday.  Match  17.  2009  3  41  PM 
Saturday.  March  21.  2009  7:42  AM 
Wednesday.  March  II.  2009  4:41  PM 
Friday  March  h  7009  7  S4  AM 
Wednesday.  March  id  2U09  2  40  PM 


File  Format:  '  COMSOL  Mulliphysics  Mo...  ^ 
(  New  Folder")  (  Cancel  ) 


I  FIGURE  7.146  2D_ACGS_2  model  Save  As  edit  window 
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I  FIGURE  7.147  2D_ACGS_2  model  initial  solution 

time.  This  model  generates  low-frequency  (60  Hz)  current  and  voltage,  as  would  be 
typically  found  on  the  power  transmission  grid.  This  model  demonstrates  the  use  of 
both  hard  (not  easily  magnetized)  and  soft  (easily  magnetized)  nonlinear  magnetic 
materials  in  the  construction  of  a  rotating  machine  for  the  conversion  of  mechanical 
energy  to  electrical  energy. 

2D  AC  Generator  Sector  Model  (2D  ACGS  2):  Transient  

The  numerical  solution  model  presented  in  this  subsection  (2D_ACGS_2)  follows 
directly  from  the  earlier  2D_ACGS_1  model,  which  we  just  built.  In  this  subsection, 
the  transient  2D  generator  sector  model  (2D_ACGS_2)  utilizes  the  static 
2D_ACGS_1  model  as  the  initial  solution  to  the  transient  problem.  The  new  version 
avoids  all  the  complex  geometrical  building  by  starting  with  the  earlier  saved  solution. 

To  start  building  the  2D_ACGS_2  model  (transient)  solution,  activate  the 
COMSOL  Multiphysics  software.  In  the  Model  Navigator,  click  the  Open  tab.  Select 
"2D_ACGS_2.mph."  See  Figure  7.148. 

Click  OK.  See  Figure  7.149. 
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Model  Navigator 


New      Model  Library      User  Models      Open  Settings 


U9_Models 


■«VI    Date  Modified 


□  2D_ACG_l.mph  Monday.  March  16,  2.. 

1  2D  ACC  1  Const  Saturday  March  14 

D  2D:ACGYceo...  Monday.  March  16.  2.. 

□  2D_ACC_2.mph  Tuesday.  March  17.  ... 

□  2D_ACGS_l.mph  Saturday.  March  21.  ... 

B  ZD  ACQS  1  Con...  Wednesday.  March  1.. 


Saturday.  March  21. 


U  2D_EIS_l.mph  Friday.  March  6.  200.. 

B  2D_EIS_l_Consta...  Wednesday.  March  I.. 

B  2D_EIS_l_SE.txt  Wednesday.  March  L. 

□  2D_EIS_2.mph  Saturday.  March  7.  2.. 

B  2D_EI5_2_Consta...  Wednesday.  March  1.. 

B  2D_EIS_2_SE.txt  Wednesday.  March  I.. 


File  Format:     COMSOL  Multiphysics  Mo... 


I  FIGURE  7.148  2D_ACGS_2  Model  Navigator,  initial  solution  selection 


ft  r"t  Q     COMSOL  Multipriysio  -  Geornl/AC/DC  Module  -  Perpendicular  Induction  Currents.  Vector  Potential  <emqa)  i  2D_ACGS..2.mph 

□  it  a  a  ~:    %  •      ■  «     «4  •  ?  m         'it  >/&«<  n  o<*  t 


a 


HU      -oj)s        o        ajn       o.i       o.ii  o.tt       r>j       tuj       0.4  o4> 


(0  «.  0.1981  I       I         EQUAL  SNW  ]  I         I  i 

I  FIGURE  7.149  2D_ACGS_2  Model  Navigator,  initial  solution 
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mote^  Because  the  initial  solution  to  the  2D_ACG_2  model  (transient)  has  already 
been  built  and  verified,  the  modeler  can  proceed  directly  to  implementing  the  necessary 
transient  solver  setup  parameters. 

Solving  the  Transient  2D_ACGS_2  Model 

Using  the  menu  bar,  select  Solve  >  Solver  Parameters,  select  "Transient"  from  the 
Analysis  pull-down  list. 

note^  The  COMSOL  Multiphysics  software  automatically  selects  the  solver  best 
suited  for  the  particular  model  based  on  the  overall  evaluation  of  the  model.  The 
modeler  can,  of  course,  change  the  chosen  solver  and  the  parametric  settings.  It  is 
usually  best  to  try  the  selected  solver  and  default  settings  first  to  determine  how  well 
they  work.  Then,  once  the  model  has  been  run,  the  modeler  can  do  a  variation  on  the 
model  parameter  space  to  seek  improved  results. 

Select  "Time  dependent"  in  the  Solver  selection  window.  In  the  Times  edit  win- 
dow, enter  linspace(0,2.6,131).  For  later  versions  of  COMSOL  Multiphysics  software 
enter  range(0,2.6/130,2.6).  In  the  Absolute  tolerance  edit  window,  enter  Az  le-3  1ml 
5e3  omega  0.015.  Click  the  Apply  button.  See  Figure  7.150. 


Analysis. 
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(    Help    )    (   Apply   )    (  Cancel  ) 

I  FIGURE  7.150  2D_ACGS_2  model  Solver  Parameters  edit  window 
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I  FIGURE  7.151  2D_ACGS_2  model  Solver  Manager,  Solve  For  page 


note^  It  is  important  to  enter  the  solver  parameters  exactly  as  specified:  otherwise, 
the  modeler  will  see  error  messages. 

Click  OK.  Using  the  menu  bar,  select  Solve  >  Solver  Manager  >  Solve  For.  See 
Figure  7.151. 

Select  all  variables.  Click  OK. 

Using  the  menu  bar,  select  Solve  >  Restart.  See  Figure  7.152. 
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 Mln:  8,S4Ze-7 

Number  of  degrees  of  freedom  solved  for:  8678 
Solution  time:  253.047  s 

Saved  COMSOL  Model  file  iD.ACGS.Zmph    1 

(0.468,0.0991)  |       |        |  EQUAL  [SNAP  |  |         |  | 

I  FIGURE  7.152  2D_ACGS_2  model  solution  default  plot,  final  frame 
Postprocessing  and  Visualization 

Select  Postprocessing  >  Plot  Parameters  >  General.  Check  the  Surface  and  Contour 
check  boxes  under  Plot  type.  Select  "Solution  at  time  0.2  seconds"  from  the  Solutions 
to  use  pull-down  list.  See  Figure  7.153. 


562 


Chapter  7    2D  Complex  Mixed-Mode  Modeling 


Boundary         Arrow  Principal       ► ' 


Surface 


Contour 


Plot  type 
M  Surface 
M  Contour 
["J  Boundary 
Q  Arrow 
r 1  Principal 

Streamline 
<7J  Particle  tracing 
f~J  Max/min  marker 
Q  Deformed  shape 
Ml  Geometry  edges 


Solution  to  use 
Solution  at  time: 

Time: 

Solution  at  angle  (phase):  0 
Frame:   1   Frame  (ale) 


0.2 


degrees 


Geometries  to  use 


f~J  Element  selection 

Logical  expression  for  inclusion: 


Element  nodes  to  fulfill  expression: 


1  All 


Element  refinement:  ^  Auto 


Plot  in:   1  Main  axes  Q  Keep  current  plot 

(  Smoothing!")     (       Title...       )    Q  Make  rough  plots 


I  FIGURE  7.153  2D_ACGS_2  model  plot  Parameters,  General  tab 


Click  the  Surface  tab.  Select  "Magnetic  flux  density,  norm."  See  Figure  7.154. 

Click  the  Contour  tab.  Enter  Az  in  the  Expression  edit  window.  Enter  15  in  the 
Levels  edit  window.  Click  the  Uniform  color  radio  button.  Click  the  Color  button,  and 
select  black.  See  Figure  7.155. 
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I  FIGURE  7.154  2D_ACGS_2  model  Plot  Parameters,  Surface  tab 
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M  Color  scale 


I  FIGURE  7.155  2D_ACGS_2  model  Plot  Parameters,  Contour  tab 


Click  OK.  See  Figure  7.156. 

To  view  the  rotation  angle  as  a  function  of  time,  select  Postprocessing  >  Global 
Variables  Plot.  Select  "Rotation  angle"  from  the  Predefined  quantities  list.  Click  the  > 
button.  See  Figure  7.157. 
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I  FIGURE  7.156  2D_ACGS_2  model  magnetic  flux  density  and  magnetic  potential,  z  component 
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I  FIGURE  7.157  2D_ACGS_2  model  Global  Variables  Plot  edit  window 
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I  FIGURE  7.158  2D_ACGS_2  model  global  variables  plot 


Click  the  Apply  button.  See  Figure  7.158.  Click  OK. 
Postprocessing  Animation 

Select  Postprocessing  >  Plot  Parameters  >  Animate.  Select  the  solutions  from  0.0  to 
0.7  in  the  Solutions  to  use  window.  See  Figure  7.159. 
Click  the  Start  Animation  button.  See  Figure  7.160. 

Alternatively,  you  can  play  the  file  Movie7_ACGS_2.avi  that  was  supplied  with 
this  book. 
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I  FIGURE  7.159  2D_ACGS_2  model  Plot  Parameters,  Animate  tab 
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I  FIGURE  7.160  2D_ACGS_2  model  animation,  final  frame 


2D  AC  Generators,  Static  and  Transient  Models: 

Summary  and  Conclusions  

The  two  2D  AC  generator  sector  models  — static  and  transient— have  now  been  built. 
These  models  generate  low-frequency  (60  Hz)  current  and  voltage,  as  would  be  typi- 
cally found  on  the  power  transmission  grid.  These  models  demonstrate  the  use  of  both 
hard  (not  easily  magnetized)  and  soft  (easily  magnetized)  nonlinear  magnetic  materi- 
als in  the  construction  of  a  rotating  machine  for  the  conversion  of  mechanical  energy 
to  electrical  energy. 

The  modeling  and  physics  concepts  employed  in  this  section  of  Chapter  7  include 
addition  of  an  ordinary  differential  equation  (ODE),  mechanical  to  electrical  energy 
conversion,  hard  and  soft  nonlinear  magnetic  materials,  mesh  mapping,  moving  mesh 
(ale),  and  geometric  assembly  (pair  creation  across  a  boundary). 
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■  Exercises 

1.  Build,  mesh,  and  solve  the  basic  2D  electric  impedance  sensor  model  problem 
presented  in  this  chapter. 

2.  Build,  mesh,  and  solve  the  advanced  2D  electric  impedance  sensor  model  prob- 
lem presented  in  this  chapter. 

3.  Build,  mesh,  and  solve  the  static  2D  AC  generator  model  (2D_ACG_1)  problem 
presented  in  this  chapter. 

4.  Build,  mesh,  and  solve  the  transient  2D  AC  generator  model  (2D_ACG_2)  pre- 
sented in  this  chapter. 

5.  Build,  mesh,  and  solve  the  static  2D  AC  generator  sector  model  (2D_ACGS_1) 
presented  in  this  chapter. 

6.  Build,  mesh,  and  solve  the  transient  2D  AC  generator  sector  model 
(2D_ACGS_2)  presented  in  this  chapter. 

7.  Explore  other  materials  as  applied  in  the  2D  electric  impedance  sensor  models. 

8.  Explore  other  materials  as  applied  in  the  2D  AC  generator  models. 

9.  Explore  adding  more  turns  to  the  2D  AC  generator  models. 

10.  Explore  how  the  2D  electric  impedance  sensor  model  might  be  used  to  discover 
voids  in  boats,  airplanes,  bridges,  and  other  areas. 
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In  This  Chapter 
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3D  Electrostatic  Potential  Between  Five  Cylinders 

3D  Electrostatic  Potential  Between  Five  Cylinders:  Summary  and  Conclusions 
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Summary  and  Conclusions 


■  3D  Modeling  Guidelines  for  New  COMSOL®  Multiphysics®  Modelers 
3D  Modeling  Considerations 

In  this  chapter  on  3D  modeling,  all  the  basic  material  on  2D  modeling  presented  in  the 
earlier  chapters  will  be  assumed,  utilized,  and  expanded.  In  the  earlier  chapters,  mod- 
els were  built  and  solved  using  static,  quasi-static,  and  transient  methods.  In  this  chapter, 
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the  methods  employed  will  be  either  static  or  quasi- static.  The  level  of  model  solution 
complexity  (difficulty)  is  increased  through  the  development  of  models  that  explore 
applied  physics  at  a  more  realistic  and  difficult  level.  In  the  three  3D  models  devel- 
oped in  this  chapter,  three  modeling  concept  areas  are  explored:  large  dimensional 
differences,  electrostatic  field  mapping,  and  magnetostatic  field  mapping.  Each  of 
these  areas  has  broad  industrial  and  scientific  modeling  applicability  and  potential 
levels  of  complexity. 

The  3D  models  in  this  chapter  implicitly  assume,  in  compliance  with  the  laws 
of  physics,  that  the  energy  flow,  the  materials  properties,  the  environment,  and  any 
other  conditions  and  variables  of  interest  are  homogeneous,  isotropic,  or  constant, 
unless  otherwise  specified  (e.g.,  time  dependent),  throughout  the  entire  domain  of 
interest,  both  within  the  model  and,  through  the  boundary  conditions,  in  the  environs 
of  the  model. 

Three  models  and  variations  are  presented  here:  the  3D  thin  layer  resistance  mod- 
els, the  3D  electrostatic  potential  between  cylinders  models,  and  the  3D  magnetic  field 
of  a  helmholtz  coil  models.  The  first  two  models  are  developed  using  application 
modes  from  the  basic  COMSOL®  Multiphysics®  software.  The  Helmholtz  coil  model 
requires  the  AC/DC  Module.  Each  of  these  three  models  introduces  the  modeler  to 
different  modeling  aspects  in  the  employment  of  the  basic  COMSOL  Multiphysics 
software  and  the  AC/DC  Module  to  explore  a  range  of  diverse  design,  test,  and  engi- 
neering problems. 

The  3D  thin  layer  resistance  models  explore  the  modeling  of  a  technology  that 
is  widely  employed  in  both  research  and  applied  development  for  science  and 
industry.  Both  thin12  and  thick3  layers  (coatings)  are  widely  applied.  Layers,  such 
as  those  modeled  here  or  other  layers  that  may  inadvertently  or  unknowingly 
form,  can  significantly  modify  the  overall  performance  (behavior)  of  a  device 
structure. 


note^  When  building  a  model,  the  modeler  should  perform  at  least  a  first  estimate 
review  of  the  conditions  to  which  the  modeled  structure  will  be  exposed  under  the 
normal  (extreme)  conditions  of  use.  In  that  review,  a  variety  of  questions  should  be 
asked,  including  these  possibilities:  Will  corrosion  films  form?  Will  any  of  the  structure 
melt?  Will  any  of  the  films  exhibit  a  structural  transition?  Will  any  of  the  films  exhibit 
an  electronic/magnetic  properties  shift? 


3D  Coordinate  System 

In  a  steady-state  solution  to  a  3D  model,  parameters  can  vary  only  as  a  function  of 
position  in  space  (x),  space  (y),  and  space  (z)  coordinates.  Such  a  3D  model  represents 
the  parametric  condition  of  the  model  in  a  time-independent  mode  (quasi-static). 


3D  Modeling  Guidelines  for  New  COMSOL  Multiphysics  Modelers 
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In  a  transient  solution  model,  parameters  can  vary  both  by  position  in  space  (x),  space 
(y),  space  (z)  and  in  time  (t).  See  Figure  8.1. 

The  transient  solution  model  is  essentially  a  sequential  collection  of  (quasi-static) 
solutions,  except  that  one  or  more  of  the  dependent  variables  [f(x,  y,  z,  01  nas  changed 
with  time.  The  space  coordinates  (x),  (y),  and  (z)  typically  represent  a  distance  coordi- 
nate throughout  which  the  model  is  to  calculate  the  change  of  the  specified  observ- 
ables  (i.e.,  temperature,  heat  flow,  pressure,  voltage,  current)  over  the  range  of  values 
(xmin  <=  x  <  =  xmax),  (ymin  <=  y  <=  ymax),  and  (zmin  <=  z  <=  zmax)  The  time  coordi- 
nate (f)  represents  the  range  of  values  (tmin  <=  t  <=  tma>)  from  the  beginning  of  the 
observation  period  (?min)  to  the  end  of  the  observation  period  (fmax). 

Electrical  Resistance  Theory 

A  well-known  example  of  the  application  of  thin  layer  technology  is  the  touch  screen,4 
which  is  widely  used  in  computers,  personal  digital  assistants  (PDAs) ,  electronic  lock 
pads,  and  other  devices.  The  fundamental  concept  of  the  touch  screen  is  relatively  sim- 
ple. The  underlying  touch  screen  principle  starts  with  Ohm's  law. 

note^  Ohm's  law  was  discovered  by  Georg  Ohm  and  published  in  1827: 

V 

/  =  -  (8.1) 
R  y 

where       /  =  current  in  amperes  (A) 

V  =  voltage  (electromotive  force)  in  volts  (V) 
R  =  resistance  in  ohms 
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Resistive 
Thin  Layer 
Coated  Glass 
or  Plastic 
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Y  Contact 


X  Contact 


X  Contact 


I  FIGURE  8.2  3D  touch  screen  geometry 

This  technology  utilizes  the  concept  of  an  electrical  resistance5  divider6  (volt- 
age divider)  to  locate  the  point  of  contact  (touch) .  When  implemented  in  four- wire 
touch  screen  technology,  this  technology  employs  two  thin  layer  orthogonal  volt- 
age dividers.  In  the  touch  screen  technology,  the  thin  layer  resistive  sheets  are  coat- 
ed onto  an  insulating  glass  or  plastic  substrate.  The  substrates  are  mounted  with  the 
thin  resistive  layers  facing  each  other  and  separated  by  an  array  of  thin  insulating 
dots,  insulating  bars,  or  a  similar  porous  insulating  spacer  array.  See  Figure  8.2. 

When  pressure  (touch)  is  applied  to  the  screen,  a  point  of  contact  forms  at  that 
location.  See  Figure  8.3. 

The  voltage  VXT  is  measured  as  shown  in  Figure  8 .3  (measurement  circuitry  not 
shown).  VyT  is  similarly  measured  sequentially.  The  X  location  of  the  contact  point  is 


VXT 


Point  of 
Touch 
(Contact) 


U'2 


M'2 


I  FIGURE  8.3  3D  touch  screen  divider  circuit 
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determined  as  follows: 

Vxt  -  h  *  Rxi  '■  V'total  =  h  *  (Rxi  +  ^2)  (8-2) 

where  Ix  =  X  current  in  amperes  (A) 

VXT  =  voltage  drop  (electromotive  force)  in  volts  (V) 
VTOTAL  =  total  voltage  (electromotive  force)  along  X  in  volts  (V) 
Rxl  =  divider  resistance  1  in  ohms 
Rx2  =  divider  resistance  2  in  ohms 


since 


pL 

R  =  ^r  (83) 
A 

where       R  =  resistance  in  ohms 
p  =  resistivity  in  ohm*m 
L  =  length  of  the  resistive  material  (m) 
A  =  cross-sectional  area  in  meters  squared  (m2) 

Thus  the  length  (distance)  to  the  contact  point  is 

VxT    *  (L)  =  —  *(L)  =  —  *(L)  (8.4) 

^TOTAL  Rxi   +  Rxi  Lxl  +  LX2 

where  VXT  =  voltage  drop  (electromotive  force)  in  volts  (V) 

VTOTAL  =  total  voltage  (electromotive  force)  along  X  in  volts  (V) 
Rxl  =  divider  resistance  1  in  ohms 
RX2  =  divider  resistance  2  in  ohms 


LX1  =  resistor  length  1  in  meters  (m) 
LX2  =  resistor  length  2  in  meters  (m) 
L  =  Lxl  +  LX2  in  meters  (m) 


■  Thin  Layer  Resistance  Modeling  Basics 

The  first  example  presented  here,  the  3D  thin  layer  resistance  model,  thin  layer 
approximation  (3D_TLR_1  model),  explores  the  use  of  the  thin  layer  approximation 
in  the  solution  of  a  direct  current  conduction  model.  In  the  problem  explored  in  both 
this  model  and  the  model  to  follow,  the  current  balance  throughout  the  domains  is 
described  as  follows: 


V  ■  (-o-W)  =  0 


(8.5) 
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where       V  =  electric  potential  (electromotive  force)  in  volts  (V) 
A  =  gradient 

a  =  electrical  conductivity  in  Siemens  per  meter  (S/m) 

In  the  thin  layer  approximation  model,  it  is  assumed  that  the  x  and  y  components 
of  the  current  density  vector  are  sufficiently  small  in  the  thin  layer  that  only  the  z  com- 
ponent makes  a  contribution.  Thus 

d2V 

-a* — -  =  0  (8.6) 
dz 

where       V  =  electric  potential  (electromotive  force)  in  volts  (V) 
a  =  electrical  conductivity  in  Siemens  per  meter  (S/m) 

By  substitution,  it  can  be  seen  that 

V  =  a*z  +  P  (8.7) 

where       a  =  constant  (V/m) 
/3  =  constant  (V) 

Equation  8.7  is  one  possible  solution  for  Equation  8.6. 


note^  Considering  the  following: 


dV  d2V 

—  =  a  :  — ; 
dz  dz 


a  :  —  =  0  (8.8) 


Assuming  that 


then  for  z  =  0: 


For  z  =  8: 


VW  =  V,:  Vupper  =  V2  (8.9) 
f3  =  V,  (8.10) 


v2  ~  Vi 

a  =  ^— — -  (8.11) 


where       S  =  thickness  of  the  thin  layer  in  meters  (m) . 
Because 

dV  fV2  -  Vi\ 

Jz  =  -a*—  =  -a*  a  =  -a*  -L- —  )  (8.12) 
dz  \     o  J 

and  there  are  no  sources  or  sinks,  Jz  is  the  current  flow  through  the  system. 
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note^  The  use  of  the  thin  layer  approximation  is  applicable  to  any  problem  in  which 
flow  is  described  by  the  divergence  of  a  gradient  flux  (i.e.,  diffusion,  heat  conduction, 
flow  through  porous  media  under  Darcy's  law). 

The  application  of  the  thin  layer  approximation  is  especially  valuable  to  the 
modeler  when  the  differences  in  domain  thickness  are  so  great  that  the  mesh  generator 
is  unable  to  properly  mesh  the  model  or  creates  more  elements  than  the  modeling 
platform  can  handle  (the  "run  out  of  memory"  problem).  In  those  cases,  this  approxi- 
mation may  enable  a  model  to  be  solved  that  would  otherwise  fail. 


3D  Thin  Layer  Resistance  Model:  Thin  Layer  Approximation 

The  following  numerical  solution  model  (3D_TLR_1  model)  is  derived  from  a  model 
that  was  originally  developed  by  COMSOL  as  a  Multiphysics  Electromagnetics 
demonstration  model.  That  model  was  developed  for  distribution  with  the 
Multiphysics  software  as  a  COMSOL  Multiphysics  Model  Library. 

To  start  building  the  3D_TLR_1  model,  activate  the  COMSOL  Multiphysics  soft- 
ware. In  the  Model  Navigator,  select  "3D"  from  the  Space  dimension  pull-down  list. 
Select  COMSOL  Multiphysics  >  Electromagnetics  >  Conductive  Media  DC.  See 
Figure  8.4.  Click  OK. 


Model  Navigator 


Model  Library      User  Models      Open  Settings 


|  Application  Modes 
a  COMSOL  Multiphysics 

►  QJ  Acoustics 

►  LJ  Convection  and  Diffusion 
T  g  Electromagnetics 

Q_ 

Q|  Electrostatics 

►  fluid  Dynamics 

►  Heat  Transfer 

►  Q  Structural  Mechanics 

►  Q  PDE  Modes 

►  l_J  Electro-Thermal  Interaction 


Dependent  variables: 


Application  mode  name:  dc 

Lagrange    Quadra  ..  t 


I  FIGURE  8.4  3D_TLR_1  Model  Navigator  setup 
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I  Table  8.1     Geometry  Components 


BLK1  Solid         Corner        (1,1,0.1)        (0,0,0)  8.5 

BLK2  Solid         Corner        (1,1,0.1)        (0,0,0.1)  8.6 


Geometry  Modeling 

Using  the  menu  bar,  select  Draw  >  Block.  In  the  Block  edit  window,  enter  the  infor- 
mation shown  in  Table  8.1.  Click  OK  after  filling  in  the  parameters  of  each  separate 
block  in  the  Block  edit  window.  See  Figures  8.5  and  8.6. 


Axis  direction  vector 
©Ca, 


Axis  base  point 

Rotation  angle 

x:  jo 

ot:    0  (degrees) 

y:  jo 

O  Spherical  coordinates 

0  ~~ j  (degrees* 

cp:  [o  ]  (degrees) 


(    Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  8.5  3D_TLR_1  model  BLK1  edit  window 


Style  ,  r  Base  — 

©  Solid  ©  Corner 

O  Face         O  Center 


y:  |  0 
I  0 


.1 


Rotation  angle  - 


(degrees) 


Axis  direction  vector 
©  Cartesian  coordinates     Q  Spherical  coordinates 

i:    0  ~~ j  8:   [o  J  (degrees) 

]  (degrees) 


y:  0 


V-  o 


(    Help    )    (   Apply   )    (  Cancel  ) 

I  FIGURE  8.6  3D_TLR_1  model  BLK2  edit  window 


Thin  Layer  Resistance  Modeling  Basics 


579 


p a am\i:  x »ei;i>  aa      =  s  m  &  ^  &      n  o  »  t 
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S*wd  COMSOl  H»lM  III*  lO.TULlJivh 

(-2.892.  -4.955.  3.J1)  AXIS  GRID  EQUAL  CSY5 


I  FIGURE  8.7  3D_TLR_1  model  BLK2 


Click  the  Zoom  Extents  button.  See  Figure  8.7. 

Select  File  >  Save  As .  Enter  3D_TLR_1  in  the  Save  As  edit  window.  See  Figure  8 .8 . 
Click  the  Save  button. 

Using  the  menu  bar,  select  Draw  >  Work-Plane  Settings.  See  Figure  8.9. 


Save  A>.  |3D_TLR_1 


_  10_Modcls 
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Date  Modified 
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Friday,  Apnl  3.  2009  5  43  PM 


Fill.  Format     COMSOL  Multiphysics  Mo...  :! 


(  Nw  Folder") 


(  Cancel  ) 


I  FIGURE  8.8  3D_TLR_1  model  Save  As  edit  window 
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«  


Face  Parallel      Edge  Angle      Vertices  Advanced 


0  x-Y    E  0 

O  y-J  x  0 

(Jl-I    f!  0 


(     C.nccl  ) 

«DDly 

C     Help  ) 

f  Preview...  ^ 


I  FIGURE  8.9  3D_TLR_1  model  Work-Plane  Settings  edit  window 


note^  The  use  of  the  Work-Plane  Settings  is  intended  to  make  specific  2D  planes 
available  to  the  modeler  to  facilitate  the  creation  of  essentially  2D  objects  in  the  3D 
geometry. 

Click  OK,  using  the  default  settings.  Click  the  Zoom  Extents  button.  See  Figure  8.10. 


OJ        0.2        0.1        0         0.1        0.2        O.J        0.4        0.5        0.6        0.7        OJ       0.9         1         U        1J  1.3 


(0.4.0.  — I" |i»|wSS|ilW|DIALOC|MULII  ISOUO  I" 

I  FIGURE  8.10  3D_TLR_1  model  Geom2  work-plane 
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I  FIGURE  8.11  3D_TLR_1  model  Circle  edit  window 


Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Circle.  Enter  a  radius  of  0.6, 
set  the  Base  as  Center,  and  set  x  equal  to  0  and  y  equal  to  1 .  See  Figure  8.11.  Click  OK . 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Square.  Enter  a  width  of  1, 
set  the  Base  as  Corner,  and  set  x  equal  to  0  and  y  equal  to  0.  See  Figure  8.12.  Click  OK. 

Using  the  menu  bar,  select  Draw  >  Create  Composite  Object. 

Enter  CI*  SQ1  in  the  Set  formula  edit  window.  See  Figure  8.13. 


Base  Corner 


x:  |0 
y:  [F~ 


Rotation  angle 
nt:     0  (degrees) 


Style  Solid 


Name:  SQI 


I  FIGURE  8.12  3D_TLR_1  model  Square  edit  window 


I  FIGURE  8.13  3D_TLR_1  model  Create  Composite  Object  edit  window 
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I  FIGURE  8.14  3D_TLR_1  model  C01  (intersection  of  circle  and  square) 


note^  The  formula  X  *  Y  creates  the  intersection  of  X  and  Y. 
Click  OK.  See  Figure  8.14. 

Using  the  menu  bar,  select  Draw  >  Embed.  See  Figure  8.15.  Click  OK. 


Embed 


Objects  to  embed: 


Embed  to  geometry: 


f  Ceoml 


I  FIGURE  8.15  3D_TLR_1  model  Embed  edit  window 
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n 

x:  0 

y:  |0 

(  Cancel  ) 

I  FIGURE  8.16  3D_TLR_1  model  Move  edit  window 

As  is  obvious,  the  quarter-circle  electrode  needs  to  be  moved  to  the  upper  surface 
of  the  upper  block.  Using  the  menu  bar,  select  Draw  >  Modify  >  Move.  Enter  x  =  0, 
y  =  0,  and  z  =  0.2.  See  Figure  8.16. 

Click  OK.  See  Figure  8.17. 

Select  EMB1  and  BLK2  (click  on  EMB1  and  then  Shift-click  on  BLK2).  See 
Figure  8.18.  Using  the  menu  bar,  select  Draw  >  Coerce  To  >  Solid. 

Using  the  menu  bar,  select  Draw  >  Create  Pairs.  Select  BLK1  and  COl.  See 
Figure  8.19. 

Click  OK.  See  Figure  8.20. 

Physics  Subdomain  Settings:  Conductive  Media  DC  (dc) 

Having  established  the  geometry  for  the  3D_TLR_1  model  of  two  blocks,  an  elec- 
trode, and  an  identity  paired  interface,  the  next  step  is  to  define  the  fundamental 


I  FIGURE  8.17  3D_TLR_1  model  EMB1  on  top  of  block  BLK2 
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I  FIGURE  8.18  3D_TLR_1  model  with  EMB1  and  BLK1  selected 


Physics  conditions.  Using  the  menu  bar,  select  Physics  >  Subdomain  Settings.  Select 
subdomains  1  and  2  in  the  Subdomain  selection  window  (the  only  available  subdo- 
mains).  In  the  Subdomain  edit  windows,  enter  the  information  shown  in  Table  8.2; 
also  see  Figure  8.21.  Click  OK. 


Pair  type:   f  Identity  pair  ^ 
M  Create  imprints 
□  Repair 


(  Cancel  ") 
(  Apply  ") 
(     Help  ) 


I  FIGURE  8.19  3D_TLR_1  model  Create  Pairs  edit  window 
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Table  8.2     Subdomain  Edit  Window 


scription 

Electrical  conductivity 


W^n  COMSOL  MiHli|«v»ia  -  CMmKConaicli 


«k) .  3P_Tuu-n> 

ah  ii  »  n  o  «»  V 


I  FIGURE  8.20  3D_TLR_1  model  identity  pail 


f~l  film  bv  group 

M  Active  in  this  domain 


|  Hl»«       mil       U«m«nl       Color  )_ 


Material  proprrrirt  unit 
library  nnrW 


vilwttpreision 


r  [7 

%  I5 

Conductivity  relation 


A'"'1  Current  source 


Cltcrric  conduecMiv 


I  FIGURE  8.21  3D_TLR_1  model  Subdomain  Settings  edit  window 
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I  Table  8.3     Boundary  Settings  -  Conductive  Media  DC  (dc)  Edit  Window 


Boundary 

1,  2,  4-10,  12,  13 


Boundary  Com 

Electric  insulation 


Figun 

8.22 


3 


Inward  current  flow 


0.3 


8.23 


11 


Ground 


8.24 


Physics  Boundary  Settings:  Conductive  Media  DC  (dc) 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  For  the  indicated  boundaries, 
select  or  enter  the  given  boundary  condition  and  value  as  shown  in  Table  8.3.  See 
Figures  8.22,  8.23,  and  8.24. 

Click  the  Pairs  tab.  Select  "Contact  resistance"  from  the  Boundary  condition  pull- 
down list.  For  the  indicated  quantity,  select  or  enter  the  given  value  as  shown  in  Table  8.4; 
also  see  Figure  8.25.  Click  OK. 

I  Table  8.4     Boundary  Settings  -  Conductive  Media  DC  (dc)  Edit  Window,  Pairs 


(t  1e-2  Electrical  conductivity 

d  0.02  Thickness  in  meters 


I  FIGURE  8.22  3D_TLR_1  model  Boundary  Settings  (1,2,  4-1 0,12,1 3)  edit  window 
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I  FIGURE  8.23  3D_TLR_1  model  Boundary  Settings  (3)  edit  window 


note^  This  is  the  most  important  step  in  this  model,  as  it  implements  the  thin  layer 
approximation.  By  using  the  identity  pair-contact  resistance  approximation  in  this 
model,  the  modeler  has  eliminated  the  necessity  of  building  and  using  a  third  domain 
as  the  interface  layer. 


I  FIGURE  8.24  3D_TLR_1  model  Boundary  Settings  (11)  edit  window 
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I  FIGURE  8.25  3D_TLR_1  model  boundary  pairs  value  edit  window 
Mesh  Generation 

From  the  toolbar,  select  Mesh  >  Initialize  Mesh.  See  Figure  8.26. 
Solving  the  3D_TLR_1  Model 

Using  the  menu  bar,  select  Solve  >  Solve  Problem.  See  Figure  8.27. 

"not^^-  The  COMSOL  Multiphysics  software  automatically  selects  the  solver  best 
suited  for  the  particular  model  based  on  the  overall  evaluation  of  the  model.  The 
modeler  can,  of  course,  change  the  chosen  solver  and  the  parametric  settings.  It  is 
usually  best  to  try  the  selected  solver  and  default  settings  first  to  determine  how  well 
they  work.  Then,  once  the  model  has  been  run,  the  modeler  can  do  a  variation  on  the 
model  parameter  space  to  seek  improved  results. 


Postprocessing  and  Visualization 

The  default  plot  shows  a  slice  plot  of  the  electric  potential  (V)  distribution  in  volts. 
To  visualize  the  solution  as  a  boundary  plot,  the  Plot  Parameters  will  need  to  be 
modified. 

Select  Postprocessing  >  Plot  Parameters  >  General.  In  the  Plot  type  list,  unselect 
the  Slice  check  box.  In  the  Plot  type  list,  select  the  Boundary  check  box. 

Click  the  Boundary  tab.  Select  Conductive  Media  DC  (dc)  >  Electric  potential  (V). 
Unselect  the  Smooth  check  box.  See  Figure  8.28. 
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I  FIGURE  8.27  3D_TLR_1  model  solution,  default  slice  plot 
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General         Slice  Isosurface 


Subdomain 


Edge       ► } 


(Vj  Boundary  plot 
Boundary  data 


Predefined  quantities:      Electric  potential 
Expression:  [v 
Unit:  [_V 

Coloring  and  fill 

Coloring:      1  Interpolated      ^        Fill  style 


Filled 
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@  Colormap:  1  jet 


Colors:    1024        V  Color  scale 


O  Uniform  color:    (  Color...  ) 


I  FIGURE  8.28  3D_TLR_1  model  solution,  Plot  Parameters  edit  window,  Boundary  tab 


Click  OK.  See  Figure  8.29. 
TLR  Voltage  Measured  Across  the  Layer 

To  visualize  the  voltage  across  the  thin  layer  resistance,  select  Postprocessing  > 
Cross-Section  Plot  Parameters  >  General.  Click  the  Line/Extrusion  plot  radio  but- 
ton among  the  Plot  type  selection  choices.  Click  the  Line/Extrusion  tab.  Select 
"Electric  Potential"  from  the  y-axis  data  pull-down  list.  Click  the  Expression  radio 
button.  Click  the  Expression  button  and  enter  z  in  the  edit  window.  See  Figure  8.30. 
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Click  OK.  For  the  cross-section  line  data,  select  or  enter  the  given  value  as  shown 
in  Table  8.5.  See  Figure  8.31. 
Click  OK.  See  Figure  8.32. 

3D  Thin  Layer  Resistance  Model,  Thin  Layer  Approximation: 
Summary  and  Conclusions 

The  3D  thin  layer  resistance  model,  thin  layer  approximation,  has  now  been  built  and 
solved.  This  model  employs  the  thin  layer  approximation  to  solve  a  model  by  replac- 
ing the  center  domain  with  a  contact  resistance  identity  pair.  Such  an  approximation 


I  FIGURE  8.30  3D_TLR_1  model,  X-Axis  Data  edit  window 
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I  Table  8.5     Cross-Section  Line  Data  Parameters 


Quantity  Value/Expression 

xO 

0.5 

yO 

0.5 

zO 

0.0 

x1 

0.5 

yi 

0.5 

z1 

0.2 

has  a  broad  applicability:  It  can  be  used  in  any  problem  in  which  flow  is  described  by 
the  divergence  of  a  gradient  flux  (i.e.,  diffusion,  heat  conduction,  flow  through  porous 
media  under  Darcy's  law). 

The  application  of  the  thin  layer  approximation  is  especially  valuable  to  the  mod- 
eler when  the  differences  in  domain  thickness  are  so  great  that  the  mesh  generator  fails 
to  properly  mesh  the  model  or  creates  more  elements  than  the  modeling  platform  can 
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(    Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  8.31  3D_TLR_1  model,  Cross-Section  Plot  Parameters  edit  window 
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P>  O  O  Figure  1  -  COMSOL  
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I  FIGURE  8.32  3D_TLR_1  model,  cross-section  electric  potential  plot 

handle  (the  "run  out  of  memory"  problem).  In  those  cases,  this  approximation  may 
enable  a  model  to  be  solved  that  would  otherwise  fail. 

3D  Thin  Layer  Resistance  Model:  Thin  Layer  Subdomain 

The  following  numerical  solution  model  (3D_TLR_2  model)  is  similar  to  the  previ- 
ous model.  However,  in  this  case,  the  center  layer  is  a  full  domain. 

To  start  building  the  3D_TLR_2  model,  activate  the  COMSOL  Multiphysics 
software.  In  the  Model  Navigator,  select  "3D"  from  the  Space  dimension  pull-down 
list.  Select  COMSOL  Multiphysics  >  Electromagnetics  >  Conductive  Media  DC. 
See  Figure  8.33.  Click  OK. 

Geometry  Modeling 

Using  the  menu  bar,  select  Draw  >  Block.  In  the  Block  edit  window,  enter  the  infor- 
mation shown  in  Table  8.6.  Click  OK  after  filling  in  the  parameters  of  each  separate 
block  in  the  Block  edit  window.  See  Figures  8.34,  8.35,  and  8.36. 
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I  Table  8.6 


3D  Modeling 
Geometry  Components 


BLK1  Solid         Comer        (1,1,0.1)         (0,0,0)  8.34 

BLK2  Solid         Corner        (1,1,0.02)       (0,0,0.1)  8.35 

BLK3  Solid         Corner        (1,1,0.1)         (0,0,0.12)  8.36 
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(     Help    )     (  Cancel  ) 

I  FIGURE  8.33  3D_TLR_2  Model  Navigator  setup 
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I  FIGURE  8.34  3D  TLR  2  model  BLK1  edit  window 
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(degrees) 


(     Help     )     (    Apply   )     (  Cancel  ) 

I  FIGURE  8.35  3D  TLR  2  model  BLK2  edit  window 


Click  the  Zoom  Extents  button.  See  Figure  8.37. 

Select  File  >  Save  As.  Enter  3D_TLR_2  in  the  Save  As  edit  window.  See  Figure  8.38. 
Click  the  Save  button. 

Using  the  menu  bar,  select  Draw  >  Work-Plane  Settings.  See  Figure  8.39. 


mote^  As  noted  earlier,  the  use  of  the  Work-Plane  Settings  is  intended  to  make 
specific  2D  planes  available  to  the  modeler  to  facilitate  the  creation  of  essentially  2D 
objects  in  the  3D  geometry. 


Style 
©  Solid 
O  Face 


Base 


Length 

X:  T 


Name:  8LK3 


@  Corner 
O  Center 


Axis  base  point 

x:  0 


y:  [0 

z  u.i:| 


Rotation  angle 


(degrees) 


Axis  direction  vector 
Q  Cartesian  coordinates     Q  Spherical  coordinates 

x:   0  6:    0  |  (degrees) 


y:  !  0 


"I  *  fF 


(degrees) 


(     Help     )     (    Apply   )     (  Cancel  ) 

I  FIGURE  8.36  3D_TLR_2  model  BLK3  edit  window 
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AdJing  til«h  «tlh  Uwl  Elm 

Ui  ttl  C 0*001  Mra<M  fil>  JD.TU.J  Jiwh 

1-2.89.-5.013,3.273)  AXIS  GRID  EQUAL  CSYS 


I  FIGURE  8.37  3D_TLR_2  model 


Click  OK,  using  the  default  settings.  Click  the  Zoom  Extents  button.  See  Figure  8.40. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Circle.  Enter  a  radius  of 
0.6,  set  the  base  to  Center,  and  set  x  equal  to  0  and  y  equal  to  1.  See  Figure  8.41. 
Click  OK. 
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FilC  Format:  '  COMSOL  Mult.physlct  Me... 


(  New  Folder  )  (  Cancel  ) 

I  FIGURE  8.38  3D_TLR_2  model  Save  As  edit  window 
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I  Quick  |  Face  Parallel      Edge  Angle      Vertices  Advanced 


0  x-y  r  [o~ 

O  Y-z   *■■  0 

O  2-x  V;  0 


Workplane  (2D  geometry):  [  Geom2  (    Add  ) 


Cancel 

(     Apply  ) 

(      Help  ) 

(  Preview...  °) 


I  FIGURE  8.39  3D_TLR_2  model  Work-Plane  Settings  edit  window 


I  FIGURE  8.40  3D_TLR_2  model  Geom2  work-plane 
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Radius:  0.6 


Rotation  angle 


(degrees) 


Base  Cei 


Style:    I  Solid 


C^ED  c^D  G^D  ^ 

I  FIGURE  8.41  3D  TLR  2  model  Circle  edit  window 


Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Square.  Enter  a  width  of  1, 
set  the  base  as  Corner,  and  set  x  equal  to  0  and  y  equal  to  0.  See  Figure  8.42.  Click  OK. 

Using  the  menu  bar,  select  Draw  >  Create  Composite  Object.  Enter  C1*SQ1  in 
the  Set  formula  edit  window.  See  Figure  8 .43 . 


I  FIGURE  8.42  3D_TLR_2  model  Square  edit  window 


Create  Composite  Obje. 


Object  type 
0  Solids 
O  Curves 
0  Points 


ubject  selection: 


union 

lnri»r*prrinn 

t 

Select  All 

r  ok  ) 

Lancei 


f5f  Keep  interior  boundaries 
-  □  Repair  — 

Repair  tolerance:  1.0E-4 


I  FIGURE  8.43  3D_TLR_2  model  Create  Composite  Object  edit  window 
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OJ       OJ       OJ       0.4       OS       04       OJ       OJ  OS 


•Mini  iifik  mm  libel  'Cr. 


TCWD  IEQUAL  SNAP 


I  FIGURE  8.44  3D_TLR_2  model  C01  (intersection  of  circle  and  square) 


The  formula  X*  Y  creates  the  intersection  of  X  and  Y. 


Click  OK.  See  Figure  8.44. 

Using  the  menu  bar,  select  Draw  >  Embed.  See  Figure  8.45.  Click  OK. 

As  is  obvious,  the  quarter-circle  electrode  needs  to  be  moved  to  the  upper  surface 
of  the  upper  block.  Using  the  menu  bar,  select  Draw  >  Modify  >  Move.  Enter  x  =  0, 
y  =  0,  and  z  =  0.22.  See  Figure  8.46. 


3  Embcd_ 


Objects  to  embed: 


S3] 


Embed  to  geometry: 


Ceoml 


Embedded  object  name: 


(    Help    )    (  Cancel  )    f     OK  ^ 

I  FIGURE  8.45  3D_TLR_2  model  Embed  edit  window 
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x:  0 

f     OK  ) 

y:  0 

(  Cancel  ) 

r.  |0.22  ~~) 

I  FIGURE  8.46  3D_TLR_2  model  Move  edit  window 
Click  OK.  See  Figure  8.47. 

Select  EMB1  and  BLK3  (click  on  EMB1  and  then  shift-click  on  BLK3).  See 
Figure  8.48.  Using  the  menu  bar,  select  Draw  >  Coerce  To  >  Solid. 

Physics  Subdomain  Settings:  Conductive  Media  DC  (dc) 

Having  established  the  geometry  for  the  3D_TLR_2  model  of  three  blocks  and  an 
electrode,  the  next  step  is  to  define  the  fundamental  Physics  conditions.  Using  the 
menu  bar,  select  Physics  >  Subdomain  Settings.  In  the  Subdomain  edit  windows,  enter 
the  information  shown  in  Table  8.7.  Click  OK.  See  Figures  8.49  and  8.50. 


I  FIGURE  8.47  3D_TLR_2  model  EMB1  on  top  of  block  BLK3 
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Table  8.7     Subdomain  Edit  Window 


in  Name 

n  Description 

Figure  Number 

1,  3 

2 

<j 

1 

1e-2 

Electrical  conductivity 
Electrical  conductivity 

8.49 
8.50 

I  FIGURE  8.48  3D_TLR_2  model  with  EMB1  and  BLK3  selected 


Physics  Boundary  Settings:  Conductive  Media  DC  (dc) 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  For  the  indicated  boundaries, 
select  or  enter  the  given  boundary  condition  and  value  as  shown  in  Table  8.8.  Click  OK . 
See  Figures  8.51,  8.52,  and  8.53. 

I  Table  8.8     Boundary  Settings  -  Conductive  Media  DC  (dc)  Edit  Window 


1,  2,  4,  5,  7,  8, 

Electric  insulation 

8.51 

10,  12-17 

3 

Inward  current  flow 

0.3 

8.52 

11 

Ground 

8.53 
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Equation 

-V-(oW-Je)  =  Qj 

Croups 
Subdomain  selection 


Croup: 
□  Select  bv  group 
M  Active  in  this  domain 


Material  properties  and  sources 


Librarv  material: 

Quantity 
f 


[ 


Value/Expression 


I*}     (   Load...  ) 


Conductivitv  relation:   f  Comj| 

ii 


Unit  Description 

A'm2  External  current  density 

A/™3  Current  source 


S'm    Electric  conductivity 


C^J  E^3  C=D 


I  FIGURE  8.49  3D_TLR_2  model  Subdomain  Settings  (1,3)  edit  window 


equation 

-V(oW-Je>  =  Qj 

f  Subdomains  Croups 


SU! 


bdomain  selection 


Croup:  '. 
^  Select  bv  group 
Ml  Active  in  this  domain 


I  Physics 


Element 


Material  properties  and  sources — 

Library  material:  I  t>j    (  Load...  ) 

Quantity  Value/Expression 


"J 


Conductivity  relation:  [  conductivity 


Unit  Description 

A/m2  External  current  density 

A/m3  current  source 


1) 


e-2 


J  S/m    Electric  conductivity 


I  FIGURE  8.50  3D_TLR_2  model  Subdomain  Settings  (2)  edit  window 
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Equation 
n  j-0 


Boundary  sources  and  constraints 

Library  material 


Boundary  condition: 


Electric  insulation 


)    (  Load...  ) 

3 


'    Help     '     'Apply         r  Cancel  > 


I  FIGURE  8.51  3D_TLR_2  model  Boundary  Settings  (1,  2,  4,  5,  7,  8, 10, 12-17)  edit  window 


note^  In  this  model,  the  thin  layer  approximation  has  been  replaced  by  subdomain  2. 
Mesh  Generation 

From  the  toolbar,  select  Mesh  >  Free  Mesh  Parameters  >  Subdomain.  Select  subdo- 
main 2.  Enter  0.02  in  the  Maximum  element  size  edit  window.  See  Figure  8.54.  Click 
the  Mesh  Selected  button. 


Boundary  Settings    Conductive  Media  DC  (dc) 


Equatioi 


Boundary  sources  and  constraints 

Library  material 


Boundary  condition:  i 


Inward  current  flow 


Quantity 

i 


T]    (  Load.  ) 

3 


Val  uc  /Express  i  o  n 


Unit  Description 
J  A/m'  Normal  currant  dansity 


I  FIGURE  8.52  3D_TLR_2  model  Boundary  Settings  (3)  edit  window 
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Fnuation 


1  Boundaries  Croups 
Boundary  selection 


J 

10 

12 

Group:   

Q  Select  by  group 
Interior  boundaries 


Boundary  sources  and  constraints 


I  ihrarv  material 


Ground 


 m 


I  FIGURE  8.53  3D_TLR_2  model  Boundary  Settings  (11)  edit  window 


Click  the  Select  Remaining  button.  (Subdomains  1  and  3  will  be  highlighted.) 
Click  the  Mesh  Selected  button.  Click  OK.  See  Figure  8.55. 

Solving  the  3D_TLR_2  Model 

Using  the  menu  bar,  select  Solve  >  Solve  Problem.  See  Figure  8.56. 


Subdunuiki  Buunduiy 


Edye 


Subdomain  selection 


1—1  Select  by  group 

Select  Remaining 
Select  Meshed 


Subdomain  mesh  parameters 
Maximum  element  size:  0. 
Element  growth  rate: 


(  Apply  J 
(    Help  ) 


I  FIGURE  8.54  3D_TLR_2  model  Free  Mesh  Parameters  edit  window 
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I  FIGURE  8.55  3D_TLR_2  model  mesh 
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I  FIGURE  8.56  3D_TLR_2  model  solution,  default  slice  plot 
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Hoi  In:  1  M»ln»xt»   J     Q  Keep  luiitm  iilul 

c 


(     Hrip    )    (    Apply   )     (  Cinc.l  ) 


I  FIGURE  8.57  3D_TLR_2  model  Plot  Parameters  edit  window,  General  tab 


note^  The  COMSOL  Multiphysics  software  automatically  selects  the  solver  best 
suited  for  the  particular  model  based  on  the  overall  evaluation  of  the  model.  The 
modeler  can,  of  course,  change  the  chosen  solver  and  the  parametric  settings.  It  is 
usually  best  to  try  the  selected  solver  and  default  settings  first  to  determine  how  well 
they  work.  Then,  once  the  model  has  been  run,  the  modeler  can  do  a  variation  on  the 
model  parameter  space  to  seek  improved  results. 


Postprocessing  and  Visualization 

The  default  plot  shows  a  slice  plot  of  the  electric  potential  (V)  distribution  in  volts.  To 
visualize  the  solution  as  a  boundary  plot,  the  Plot  Parameters  will  need  to  be  modified. 

Select  Postprocessing  >  Plot  Parameters  >  General.  In  the  Plot  type  list,  unse- 
lect  the  Slice  check  box.  In  the  Plot  type  list,  select  the  Boundary  check  box.  See 
Figure  8.57. 
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I  FIGURE  8.58  3D_TLR_2  model  solution  Plot  Parameters  edit  window,  Boundary  tab 


Click  the  Boundary  tab.  Select  Conductive  Media  DC  (dc)  >  Electric  potential  (V). 
Unselect  the  Smooth  check  box.  See  Figure  8.58. 
Click  OK.  See  Figure  8.59. 

TLR  Voltage  Measured  Across  the  Layer 

To  visualize  the  voltage  across  the  thin  layer  resistance  (subdomain  2),  select 
Postprocessing  >  Cross-Section  Plot  Parameters  >  General.  Click  the  Line/Extrusion 
plot  radio  button  among  the  Plot  type  selection  choices. 

Click  the  Line/Extrusion  tab.  Select  "Electric  Potential"  from  the  y-axis  data  pull- 
down list.  Click  the  Expression  radio  button.  Click  the  Expression  button  and  enter  z 
in  the  edit  window.  See  Figure  8.60.  Click  OK. 
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I  FIGURE  8.59  3D_TLR_2  model  solution,  boundary  plot 


For  the  cross-section  line  data,  select  or  enter  the  given  value  as  shown  in  Table  8.9. 
See  Figure  8.61. 

Click  OK.  See  Figure  8.62. 

3D  Thin  Layer  Resistance  Models:  Summary  and  Conclusions 

The  3D  thin  layer  resistance  model,  thin  layer  approximation,  and  the  3D  thin  layer 
resistance  model,  thin  layer  subdomain,  have  now  been  built  and  solved.  A  direct 


x-axis  data 


Predefined  quantities:  [  z-coordinate 
Expression:  z 
Unit:  [  m 


3 


(  Cancel  )    (     OK  ) 

I  FIGURE  8.60  3D_TLR_2  model  X-Axis  Data  edit  window 
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Table  8.9     Cross-Section  Line  Data  Parameters 


Quantity  Value/Expression 

x0 

0.5 

yO 

0.5 

zO 

0.0 

x1 

0.5 

yi 

0.5 

z1 

0.2 

comparison  can  be  made  of  the  model  solutions  by  comparing  the  results  obtained 
from  the  cross-section  plots.  See  Figures  8.63  and  8.64. 

As  can  be  seen  from  the  examination  of  the  plots,  the  only  substantial  difference 
between  the  two  solutions  is  the  electrical  potential  difference  across  subdomain  2. 
Thus  the  modeler  can  choose  the  implementation  that  best  suits  his  or  her  system  and 
time  constraints,  without  suffering  excessive  inaccuracies  based  on  the  approximation 
method. 


General      Slice      Line/Extrusion      Point  '. 


©  Line/ Extrusion  plot 
Plot  type 
©  Line  plot 


0  Extrusion  plot 


y-axis  data 


Predefined  quantities:  |   Electric  potential 

Expression  [v 

Unit:  [  V 
x-axis  data 

O     [  Arc-length  j  I  „0 


Cross-section  line  data 


©     (   Expression...  ^ 


yO:  0.5 


yl:  0.5 


zO:  0.0 

Line  resolution 


(  Surface  Settings...  ) 


(    Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  8.61  3D  TLR  2  model  Cross-Section  Plot  Parameters  edit  window 
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I  FIGURE  8.63  3D_TLR_1  model,  cross-section  electric  potential  plot,  thin  layer  approximation 


Electrostatic  Modeling  Basics 


■  Electrostatic  Modeling  Basics 

The  study  of  static  electricity,  a  well-known  and  widely  observed  phenomenon,  has  a 
long  history.  Thales  of  Miletus7  recorded  the  first  known  scientific  observations  using 
amber  in  approximately  the  sixth  century  bc.  Additional  serious  documented  scientific 
work  on  static  electricity  did  not  occur  until  Otto  von  Guericke8  invented  the  first 
electrostatic  generator9  around  1663. 

The  physics  of  static  electricity  was  not  well  understood  until  the  work  of 
Charles-Augustin  de  Coulomb,10  Johann  Carl  Friedrich  Gauss,11  and  others12  explored 
electrostatics  and  mathematics  of  physics  in  the  late  1700s  to  early  1800s  ad.  Based 
on  that  work,  the  electrostatic  scalar  potential  (V)  is  known  to  be  related  to  the  elec- 
tric field  vector  (E)  as  follows: 

E  =  -VV  (8.13) 

where       E  =  electric  field  vector  (V/m) 

V  =  divergence  operator  (1/m) 

V  =  scalar  electric  potential  (V) 
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NOTt^"  The  divergence  operator  is  as  follows: 

~  d       ~  d       ~  d 

V  =  i —  +  j—  +  k— 

dx         dy  dz 

where       i,  j,  k  are  the  unit  vectors  in  the  x,  y,  z  directions,  respectively. 
Using  Gauss's  law,13 

V-(sE)=p  (8.14) 

where       E  =  electric  field  vector  (V/m) 
V  =  divergence  operator  (1/m) 
e  =  permittivity 
p  =  space  charge  density 

Substituting  for  E  gives 

-V-(eVV)=p  (8.15) 

and 

-V  ■  (bW)  =  sV2V  =  p  (8.16) 
where       V2  is  the  Laplacian  operator. 

note^  The  Laplacian  operator1415  is  as  follows: 

„,      d2       d2  d2 

V  =  1  1  

dx2      dy2  dz2 

It  is  a  differential  operator,  shown  above  in  the  scalar  form,  named  after  Pierre-Simon 
de  Laplace.16  The  Laplacian  operator  is  widely  employed  in  the  physics  of  electro- 
magnetics, wave  propagation,  heat  flow,  fluid  flow,  and  quantum  mechanics,  to  name 
a  few  areas. 


A  large  body  of  subsequent  work  has  led  to  both  scientific  and  engineering  appli- 
cations (e.g.,  ranging  from  X-ray  tubes  and  particle  accelerators  to  paint  sprayers  and 
dust  precipitators). 

The  3D  electrostatic  potential  models  presented  in  this  section  are  examples 
of  methods  that  can  be  used  by  the  modeler  to  explore  electrostatic  potentials  in 
different  geometric  configurations. 
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Space  dimension: 


j  Htm      Model  Library      User  Models      Open      Settings  ^ 

B 


»  COMSOL  Multiphasics 

►  t_Acoust.cs 
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Dependent  variables 
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Mukiphysics 


I  FIGURE  8.65  3D_ESP_1  Model  Navigator  setup 

3D  Electrostatic  Potential  Between  Two  Cylinders 

The  following  numerical  solution  model  (3D_ESP_1  model)  is  derived  from  a  model 
that  was  originally  developed  by  COMSOL  as  a  Multiphysics  Electromagnetics 
demonstration  model.  That  model  was  developed  for  distribution  with  the 
Multiphysics  software  as  a  COMSOL  Multiphysics  Model  Library. 

To  start  building  the  3D_ESP_1  model,  activate  the  COMSOL  Multiphysics  software. 
In  the  Model  Navigator,  select  "3D"  from  the  Space  dimension  pull-down  list.  Select 
COMSOL  Multiphysics  >  Electromagnetics  >  Electrostatics.  See  Figure  8.65.  Click  OK. 

Geometry  Modeling 

Using  the  menu  bar,  select  Draw  >  Sphere.  In  the  Sphere  edit  window,  enter  the  infor- 
mation shown  in  Table  8.10.  Click  OK  after  filling  in  the  parameters  of  each  separate 
solid  in  the  appropriate  edit  window.  See  Figures  8.66,  8.67,  and  8.68. 


[Table  8.10     Geometry  Components 


Axis 

Axis  Direction 

Base  Point 

Vector 

Figure 

Sphere 

SPH1 

Solid 

2 

(0,  0,  0) 

(0,  0,  1) 

8.66 

Cylinder 

CYL1 

Solid 

0.1 

0.4 

(-0.4,  0,  -0.2) 

(0,  0,  1 ) 

8.67 

Cylinder 

CYL2 

Solid 

0.1 

0.4 

(0.4,  0,  -0.2) 

(0,  0,  1 ) 

8.68 
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I  FIGURE  8.66  3D_ESP_1  model  Sphere  SPH1  edit  window 


I  FIGURE  8.67  3D_ESP_1  model  Cylinder  CYL1  edit  window 


I  FIGURE  8.68  3D_ESP_1  model  Cylinder  CYL2  edit  window 
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Save  As:  1 3D_ESP|_l.mph 


1  U  10_Models  14^ 


D  3D_TLR_l.mph                                Friday,  April  10.  2009  12  28  PM 
D  3D_TLR_2.mph                                Friday,  April  10,  2009  5  28  PM 

File  Format:  '  COMSOL  Multiphysics  Mo...  H*| 


I  FIGURE  8.69  3D_ESP_1  model  Save  As  edit  window 


Click  the  Zoom  Extents  button.  Select  File  >  Save  As.  Enter  3D_ESP_l.mph  in 
the  Save  As  edit  window.  See  Figure  8.69.  Click  the  Save  button. 

Using  the  menu  bar,  select  Draw  >  Create  Composite  Object.  Enter  SPH1-CYL1- 
CYL2  in  the  Set  formula  edit  window.  See  Figure  8.70.  Click  OK. 


Object  type 
0  Solids 
O  Faces 
O  Curves 
O  Points 


Object  selection: 


!  Composit 


Union 

) 

ntersection 

) 

c 

Select  All 

(  Cancel  > 


Set  formula: 


M  Keep  interior  boundaries 
Q  Keep  interior  edges 
□  Repair 


Repair  tolerance:  l.OE-4 


I  FIGURE  8.70  3D_ESP_1  model  Create  Composite  Object  edit  window 
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I  FIGURE  8.71  3D_ESP_1  model  Subdomain  Settings  edit  window 


Physics  Subdomain  Settings:  Electrostatics  (es) 

Using  the  menu  bar,  select  Physics  >  Subdomain  Settings.  Select  subdomain  1  (the 
only  subdomain  available).  Click  the  radio  button  D  =  e0srE.  Enter  0  in  the  Space 
charge  density  (p)  edit  window.  Enter  1  in  the  Relative  permittivity  (sr)  edit  window. 
See  Figure  8.71.  Click  OK. 


note^  The  numerical  value  of  the  permittivity  for  free  space  (s0 )  in  SI  units  is 
8.854*1012  F/m.  That  value  is  the  default  value  for  permittivity  incorporated  into  the 
COMSOL  Multiphysics  software.  The  permittivity  of  a  material  is  the  product  of  s0  and 
£r ,  which  in  this  case  is  1 . 

Physics  Boundary  Settings:  Electrostatics  (es) 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  Select  or  enter  the  settings 
as  indicated  in  Table  8.11.  Click  OK.  See  Figures  8.72,  8.73,  and  8.74. 


(Table  8.11     Boundary  Settings 


Boundary 

1-4,  11-14 

5-10 

15-20 


Settings 

Zero  charge/symmetry 
Electric  potential 
Electric  potential 


1V 
-1V 


8.72 
8.73 
8.74 
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I  FIGURE  8.72  3D_ESP_1  model  Boundary  Settings  (1-4, 1 1-14)  edit  window 
Mesh  Generation 

Using  the  menu  bar,  select  Mesh  >  Free  Mesh  Parameters.  Select  "Coarser"  from  the 
Predefined  mesh  sizes  pull-down  list.  See  Figure  8.75.  Click  OK. 

Using  the  menu  bar,  select  Mesh  >  Initialize  Mesh.  See  Figure  8.76. 


I  FIGURE  8.73  3D_ESP_1  model  Boundary  Settings  (5-1 0)  edit  window 
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equation 


Boundary  selection 


Boundary  sources  and  constraints 
Boundary  condition 


Unit  Description 

V        Electric  potential 


lCIIj 


I  FIGURE  8.74  3D_ESP_1  model  Boundary  Settings  (15-20)  edit  window 


Solving  the  3D_ESP_1  Model 


note^  Electrostatics  problems  can  be  complex  and  difficult .  The  modeler  can ,  of  course , 
accept  the  COMSOL  software  default  settings.  However,  in  this  case,  depending  on  the 
modeler's  platform,  it  will  probably  be  best  to  choose  an  iterative  solver  (GMRES)  and  an 
appropriate  preconditioner  (Algebraic  multigrid) .  These  choices  will  reduce  both  the 
memory  required  and  the  time  to  solution. 


I  Global       Sutidunmiri       Boundary       Edge       fuiril  Advanced 


Predefined  mesh  sizes:  [  Coarser  " 

O  Custom  mesh  size 

Masurium  element  tlze- 


Maximum  element  size  scaling  factor.  1.9 

Element  growth  rate:  1.7 

Mesh  curvature  factor:  U.B 

Mesh  curvature  cutoff  O.OS 
Resuluttun  uf  NirOM  recjlum. 


0.3 


M  Optimize  quality 


(   Reset  to  Default*   1     (         Remesh         1     '     Mesh  Selected  ^ 

I  FIGURE  8.75  3D_ESP_1  model  Free  Mesh  Parameters  edit  window 
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I  FIGURE  8.76  3D_ESP_1  model  mesh 


Select  Solve  >  Solver  Parameters.  Select  "GMRES"  from  the  Linear  system  solver 
pull-down  list.  Select  "Algebraic  multigrid"  from  the  Preconditioner  pull-down  list. 
See  Figure  8.77. 

Click  OK.  Select  Solve  >  Solve  Problem. 

Postprocessing  and  Visualization 

The  default  solution  plot  is  the  slice  plot.  See  Figure  8.78. 

Using  the  menu  bar,  select  Postprocessing  >  Plot  Parameters  >  General. 
Uncheck  the  Slice  check  box,  and  check  the  Boundary  and  Streamline  check  boxes. 
See  Figure  8.79. 

Click  the  Boundary  tab.  Click  the  Apply  button. 

Click  the  Streamline  tab.  Enter  30  in  the  Number  of  start  points  window.  Click  OK. 

To  see  the  streamline  plot,  the  modeler  will  need  to  suppress  the  boundaries  of  the 
sphere.  Using  the  menu  bar,  select  Options  >  Suppress  >  Suppress  Boundaries.  Select 
boundaries  1-4  and  11-14.  See  Figure  8.80.  Click  OK. 
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Analysis 


Sob* 

l  ime  dependent 
Eigenvalue 


Stiriorury 


1   '  Adaptive  mesh  refinement 


Advanced  1 


Linear  jyjtem  solver 
Linear  system  »olvtt    |  GMRES 
Precondltiomr: 


J1 


Algphr-iif  miiirignrl 


Quality  of  mutngrid  hierarchy 


 ©- 

Memory  efficiency 


Matrix  ivmmcltv 


Prccond.  quality 


(  Settings...  ) 


(    H«lp    )    (   Apply   )    (  C»nc«l  ) 


I  FIGURE  8.77  3D_ESP_1  model  Solver  Parameters  edit  window 


COMSOLMjlt.Dhvs.es  -  Ceo-"L/ti<arostai*stes)   3D  ESP  1  mph 


N„«,„cid.,„„.rr,„*,m ..>.t 

l^rJSoSwrtt.iD.BP..^ 
(-7.63.-12.39.9.57)  iAXIS  CHID  EQUAL  CSYS 


I  FIGURE  8.78  3D_ESP_1  model  default  solution  plot 
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I  FIGURE  8.79  3D_ESP_1  model  Plot  Parameters  selection  window 


I  FIGURE  8.80  3D_ESP_1  model  Suppress  Boundaries  selection  window 
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I  FIGURE  8.81  3D_ESP_1  model  streamline  plot  with  suppressed  boundaries 

Using  the  menu  bar,  select  Postprocessing  >  Plot  Parameters  >  Streamline.  Click 
the  Apply  button,  and  then  click  OK.  See  Figure  8.81 . 

3D  Electrostatic  Potential  Between  Two  Cylinders: 
Summary  and  Conclusions 

The  3D  electrostatic  potential  model  presented  here  demonstrates  one  of  the  methods 
that  can  be  used  by  the  modeler  to  explore  electrostatic  potentials  in  different  geo- 
metric configurations.  This  technique  can  be  applied  to  both  scientific  and  engineer- 
ing applications  (e.g.,  ranging  from  X-ray  tubes  and  particle  accelerators  to  paint 
sprayers  and  dust  precipitators) . 

3D  Electrostatic  Potential  Between  Five  Cylinders 

To  start  building  the  3D_ESP_2  model,  activate  the  COMSOL  Multiphysics  soft- 
ware. In  the  Model  Navigator,  select  "3D"  from  the  Space  dimension  pull-down  list. 
Select  COMSOL  Multiphysics  >  Electromagnetics  >  Electrostatics.  See  Figure  8.82. 
Click  OK. 
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Space 


[  New      Model  Library      User  Models      Open      Settings  ' 

Electromagnetics 


j  Application  Modes 
0  COMSOL  Multiphysics 

►  Q  Acoustics 

►  Q  Convection  and  Diffusion 
▼  a  Electromagnetics 

[j  Conductive  Media  DC 

TiHIWH 

►  [_j  Fluid  Dynamics 

►  Q  Heat  Transfer 

►  Q  Structural  Mechanics 

►  Cj  PDE  Modes 

►  _    Deformed  Mesh 

►  Electro-Thermal  Interaction 


Descrip 


Dependent  variables: 


Application  mode  name:  es 

Element:  1   Lagrange  -  Quadra- 


Electrostatics  of  dielectric  materials. 


(     H*"     )     (  Can"'  ) 


I  FIGURE  8.82  3D_ESP_2  Model  Navigator  setup 


Geometry  Modeling 

Using  the  menu  bar,  select  Draw  >  Sphere.  In  the  Sphere  edit  window,  enter  the  infor- 
mation shown  in  Table  8.12.  Click  OK  after  filling  in  the  parameters  of  each  separate 
solid  in  the  appropriate  edit  window.  See  Figures  8.83-8.88. 


I  Table  8.12     Geometry  Components 


Axis  Direction 
Vector 

Figure 

Height 

Base  Point 

Sphere 

SPH1 

Solid 

4 

(0,  0,  0) 

(0,  0,  1) 

8.83 

Cylinder 

CYL1 

Solid 

0.1 

0.4 

(-0.4,  0,  -0.2) 

(0,  0,  1) 

8.84 

Cylinder 

CYL2 

Solid 

0.1 

0.4 

(0,  0,  -0.2) 

(0,  0,  1) 

8.85 

Cylinder 

CYL3 

Solid 

0.1 

0.4 

(0.4,  0,  -0.2) 

(0,  0,  1) 

8.86 

Cylinder 

CYL4 

Solid 

0.1 

0.4 

(0,  -0.4,  -0.2) 

(0,  0,  1) 

8.87 

Cylinder 

CYL5 

Solid 

0.1 

0.4 

(0,  0.4,  -0.2) 

(0,  0,  1) 

8.88 
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I  FIGURE  8.83  3D_ESP_2  model  Sphere  SPH1  edit  window 


I  FIGURE  8.84  3D_ESP_2  model  Cylinder  CYL1  edit  window 


I  FIGURE  8.85  3D_ESP_2  model  Cylinder  CYL2  edit  window 
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I  FIGURE  8.86  3D_ESP_2  model  Cylinder  CYL3  edit  window 


I  FIGURE  8.87  3D_ESP_2  model  Cylinder  CYL4  edit  window 


I  FIGURE  8.88  3D_ESP_2  model  Cylinder  CYL5  edit  window 
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Save  As:  3D_ESP_2.mph 


f  □  10_Models 


D  3D_ESP_l.mph 
D  3D_ESP_2.mph 
D  3D_TLR_l-mph 
D  3D.TLR_2.mph 


Date  Modified 


Friday.  April  10.  2009  12:28  PM 
Friday,  April  10.  2009  5  28  PM 


I  FIGURE  8.89  3D_ESP_2  model  Save  As  edit  window 


Click  the  Zoom  Extents  button.  Select  File  >  Save  As.  Enter  3D_ESP_2.mph  in 
the  Save  As  edit  window.  See  Figure  8.89.  Click  the  Save  button. 

Using  the  menu  bar,  select  Draw  >  Create  Composite  Object.  Enter  SPH1- 
CYL1-CYL2-CYL3-CYL4-CYL5  in  the  Set  formula  edit  window.  See  Figure  8.90. 
Click  OK. 


Object  type 
©  Solids 
O  Faces 
O  Curves 
O  Points 


Object  selection: 


Shortcuts 


( 

Union 

) 

Intersection 

( 

Select  All 

) 

(  Cancel  "> 
(    Apply  "> 


SPH1  CYL1  CYL2  CYL3-CYL' 

M  Keep  interior  boundaries 
□  Keep  interior  edges 
'_'  Repair 

tolerance:  1.0E-4 


I  FIGURE  8.90  3D_ESP_2  model  Create  Composite  Object  edit  window 
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Fqti.it  inn 


Material  properties  and  sources 


I  ihrary  rmteri.il 


3  C^r-) 


Constitutive  relation 

Quantity 

P 


Unit  Description 
c/m3  space  charge  density 


I  FIGURE  8.91  3D_ESP_2  model  Subdomain  Settings  edit  window 


Physics  Subdomain  Settings:  Electrostatics  (es) 

Using  the  menu  bar,  select  Physics  >  Subdomain  Settings.  Select  subdomain  1  (the 
only  subdomain  available) .  Click  the  radio  button  D  =  s0£rE .  Enter  0  in  the  Space 
charge  density  (p)  edit  window.  Enter  1  in  the  Relative  permittivity  (sr)  edit  window. 
See  Figure  8.91.  Click  OK. 

note^  The  numerical  value  of  the  permittivity  for  free  space  (e0)  in  SI  units  is 
8.854*1012  F/m.  That  value  is  the  default  value  for  permittivity  incorporated  into  the 
COMSOL  Multiphysics  software.  The  permittivity  of  a  material  is  the  product  of  s0  and 
sr,  which  in  this  case  is  1 . 

Physics  Boundary  Settings:  Electrostatics  (es) 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  Select  or  enter  the  settings 
as  indicated  in  Table  8.13.  Click  OK.  See  Figures  8.92,  8.93,  and  8.94. 

I  Table  8.13     Boundary  Settings 


1-4,  23, 

Zero  charge/symmetry 

8.92 

24,  28,  29 

5-14,  19-22, 

Electric  potential 

1V 

8.93 

25,  26,  31-38 

15-18, 

Electric  potential 

-1V 

8.94 

27,  30 
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I  FIGURE  8.92  3D_ESP_2  model  Boundary  Settings  (1-4,  23,  24,  28,  29)  edit  window 
Mesh  Generation 

Using  the  menu  bar,  select  Mesh  >  Free  Mesh  Parameters.  Select  "Coarser"  from  the 
Predefined  mesh  sizes  pull-down  list.  See  Figure  8.95.  Click  OK. 

Using  the  menu  bar,  select  Mesh  >  Initialize  Mesh.  See  Figure  8.96. 


I  FIGURE  8.93  3D_ESP_2  model  Boundary  Settings  (5-14, 19-22,  25,  26,  31-38)  edit  window 
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Equation 

v-v„ 


c 


Boundaries 


Croups 


Croup: 


fJ2  Select  by  group 
M  Interior  boundaries 


Boundary  sources  and  constraints 
Boundary  condition 


Electric  potential 


Quantity 


Value/Expression 


Unit  Description 

V        Electric  potential 


(    Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  8.94  3D_ESP_2  model  Boundary  Settings  (1 5-1 8,  27,  30)  edit  window 


!  Mesh 


Parameters 


Global 


Subdomain      Boundary      Edge      Point      Advanced  1 


Q  Predefined  mesh  sizes:  (  Coarser 

O  Custom  mesh  size  — 


Maximum  element  size 


1.7 


Maximum  element  size  scaling  factor:  1.9 
Element  growth  rate 
Mesh  curvature  factor: 
Mesh  curvature  cutoff: 
Resolution  of  narrow  regions: 


0.8 


0.05 


0.3 


M  Optimize  quality 
Refinement  method: 


(     OK  ^ 

(  Cancel  ) 

(  Apply  ) 

(  Help  ) 


I  FIGURE  8.95  3D_ESP_2  model  Free  Mesh  Parameters  edit  window 
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I  FIGURE  8.96  3D_ESP_2  model  mesh 


Solving  the  3D_ESP_2  Model 

note^  Electrostatics  problems  can  be  complex  and  difficult.  The  modeler  can,  of 
course,  accept  the  COMSOL  software  default  settings.  However,  in  this  case, 
depending  on  the  modeler's  platform,  it  will  probably  be  best  to  choose  an  iterative 
solver  (GMRES)  and  an  appropriate  preconditioner  (Algebraic  multigrid).  These 
choices  will  reduce  both  the  memory  required  and  the  time  to  solution. 


Select  Solve  >  Solver  Parameters.  Select  "GMRES"  from  the  Linear  system  solver 
pull-down  list.  Select  "Algebraic  multigrid"  from  the  Preconditioner  pull-down  list. 
See  Figure  8.97. 

Click  OK.  Select  Solve  >  Solve  Problem. 

Postprocessing  and  Visualization 

The  default  solution  plot  is  the  slice  plot.  See  Figure  8.98. 
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I  FIGURE  8.97  3D_ESP_2  model  Solver  Parameters  edit  window 


Uml 


low      Hi  Kjsrjum 


(-2S.7M.  -50.569.  J».727>  WIS  GRID  EQUAL  CSYS 

I  FIGURE  8.98  3D_ESP_2  model  default  solution  plot 
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I  FIGURE  8.99  3D_ESP_2  model  Plot  Parameters  selection  window 

Using  the  menu  bar,  select  Postprocessing  >  Plot  Parameters  >  General.  Uncheck 
the  Slice  check  box,  and  check  the  Boundary  and  Streamline  check  boxes.  See 
Figure  8.99. 

Click  the  Boundary  tab.  Click  the  Apply  button. 

Click  the  Streamline  tab.  Enter  29  in  the  Number  of  start  points  window.  Click  OK. 

To  see  the  streamline  plot,  the  modeler  will  need  to  suppress  the  boundaries  of  the 
sphere.  Using  the  menu  bar,  select  Options  >  Suppress  >  Suppress  Boundaries.  Select 
boundaries  1-4,  23,  24,  28,  and  29.  See  Figure  8.100.  Click  OK. 

Using  the  menu  bar,  select  Postprocessing  >  Plot  Parameters  >  Streamline.  Click 
the  Apply  button,  and  then  click  OK.  See  Figure  8.101 . 
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I  FIGURE  8.100  3D_ESP_2  model  Suppress  Boundaries  selection  window 

3D  Electrostatic  Potential  Between  Five  Cylinders:  Summary  and  Conclusions 

The  3D  electrostatic  potential  models  presented  here  demonstrate  one  of  the  methods 
that  can  be  used  by  the  new  modeler  to  explore  electrostatic  potentials  in  different  geo- 
metric configurations.  The  3D_ESP_2  model  is  typical  of  those  that  might  be  found  in 
a  particle  beam  analyzer  or  similar  engineering  or  scientific  device.  This  modeling  tech- 
nique can  be  applied  widely  to  both  scientific  and  engineering  applications  (e.g.,  rang- 
ing from  X-ray  tubes  and  particle  accelerators  to  paint  sprayers  and  dust  precipitators). 
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I  FIGURE  8.101  3D_ESP_2  model  streamline  plot  with  suppressed  boundaries 
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Magnetostatic  Modeling  Basics 


The  fundamental  equations  governing  electromagnetic  phenomena  are  Maxwell's 
equations,17  first  published  in  1873  by  James  Clerk  Maxwell.18  Maxwell's  equations, 
as  written  for  free  charge  and  as  commonly  seen  in  scientific  papers  and  textbooks,  in 
SI  units  are 


V  D  =  p 


(8.17) 


V-B  =  0 


(8.18) 


where  E 
D 
B 
H 
J 
P 


V  X  E  = 
V  X  H  =  J  + 


as 

dt 

3D 
dt 


electric  field  vector  in  volts  per  meter  (V/m) 

electric  flux  density  in  coulombs  per  square  meter  (C/m2) 

magnetic  field  vector  in  tesla  (T) 

magnetizing  field  vector  in  amperes  per  meter  (A/m) 

free  current  density  in  amperes  per  square  meter  (A/m2) 

free  charge  density  in  coulombs  per  cubic  meter  (C/m3) 


(8.19) 
(8.20) 


To  solve  any  of  the  potential  electromagnetic  problems,  the  modeler  also  needs 
to  assume  continuity  (no  sinks  or  sources— that  is,  "What  goes  in,  comes  out").  The 
equation  of  continuity  is 


V  J 


dp 

dt 


(8.21) 


The  modeler  also  needs  to  define  the  properties  of  the  medium(s)  throughout 
which  the  electromagnetic  wave  is  traveling.  These  equations  are  called  the  constitu- 
tive relationships  for  the  medium: 


D  =  £0E  +  P 


(8.22) 


B  =  /i0(H  +  M) 
J  =  o-E 


(8.23) 
(8.24) 


where        E  =  electric  field  vector  in  volts  per  meter  (V/m) 

D  =  electric  flux  density  vector  in  coulombs  per  square  meter  (C/m2) 
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P  =  electric  polarization  vector  in  coulombs  per  square  meter  (C/m2) 

B  =  magnetic  field  vector  in  tesla  (T) 

H  =  magnetizing  field  vector  in  amperes  per  meter  (A/m) 

M  =  magnetization  vector  in  amperes  per  meter  (A/m) 

J  =  free  current  density  in  amperes  per  square  meter  (A/m2) 
s0  =  permittivity  of  vacuum  in  farads  per  meter  (F/m) 
/x0  =  permeability  of  vacuum  in  henries  per  meter  (H/m) 

a  =  electric  conductivity  in  Siemens  per  meter  (S/m) 

In  a  magnetostatic  model,  such  as  the  Helmholtz  coil,  all  parameters  are  stable 
and  do  not  fluctuate.  If  they  do  fluctuate,  it  is  at  a  slow  rate. 


note^  If  the  parameters  of  the  model  do  fluctuate,  a  good  measure  of  the  validity  of 
the  model  is  that  the  dimensions  of  the  model  should  be  at  least  10  times  smaller  than 
the  wavelength  of  the  fluctuation.  Consider,  for  example,  60  Hz.  The  wavelength  is 
calculated  as  follows: 

c      3  X  108 

A  =  —  =  =  5  X  106  m  (8.25) 

/  60 

where       A  =  wavelength  in  meters  (m) 

c  =  speed  of  light  in  meters  per  second  (m/s) 
/  =  frequency  in  cycles  per  second  (cycle/s) 

In  the  case  of  a  magnetostatic  model,  the  relationships  between  the  potentials  and 
the  fields  are  as  follows: 

V  X  (juT'V  X  A)  =  Je  (8.26) 
B  =  V  X  A  (8.27) 

H  =  /i_1B  (8.28) 
l±  =  /x0/xr  (8.29) 

magnetic  vector  potential  in  volt-seconds  per  meter  (V  -  s/m) 
magnetic  field  vector  in  tesla  (T) 
magnetizing  field  vector  in  amperes  per  meter  (A/m) 
externally  applied  current  density  in  amperes  per  square  meter  (A/m2) 
permeability  of  vacuum  in  henries  per  meter  (H/m) 
relative  permeability 


where  A  = 
B  = 
H  = 
Je  = 

Mo  = 

Mr  = 
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note^  The  numerical  value  of  the  permeability  for  free  space  (/x0)  in  SI  units  is 
exactly  477  X  10  ~7  H/m.  That  value  is  the  default  value  for  permeability  incorporated 
into  the  COMSOL  Multiphysics  software.  The  permeability  of  a  material  is  the  product 
of  fi0  and  fin  which  in  this  case  is  1 . 

Because  the  electromagnetic  potentials  do  not  uniquely  define  a  solution,  within  a 
gauge  transformation19  it  is  necessary  to  choose  a  gauge  (transformation).20  This 
technique  is  called  gauge  fixing.  In  this  case,  the  gauge  chosen  is  called  the  Coulomb 
gauge.  The  condition  of  the  Coulomb  gauge  is  that  V  •  A  =  0. 

To  avoid  numerical  instability  in  the  model,  V  •  A  is  numerically  adjusted  to  zero 
by  using  a  type  of  special  pre-  and  post-smoother  called  an  SOR  gauge.21 


3D  Magnetic  Field  of  a  Helmholtz  Coil 


The  following  numerical  solution  model  (3D_HC_1  model)  is  derived  from  a  model 
that  was  originally  developed  by  COMSOL  as  an  AC/DC  Module  Electrical 
Components  demonstration  model.  That  model  was  developed  for  distribution  with 
the  Multiphysics  software  as  a  COMSOL  AC/DC  Module  Model  Library. 

To  start  building  the  3D_HC_1  model,  activate  the  COMSOL  Multiphysics  soft- 
ware. In  the  Model  Navigator,  select  "3D"  from  the  Space  dimension  pull-down  list. 
Select  AC/DC  Module  >  Statics  >  Magnetostatics.  See  Figure  8.102.  Click  OK. 


Model  Navigator 


Model  Libidty      Uicr  Wudel;      Open  Seltiny* 


Space  dimension: 


^  Application  Modes 
►  2j  COMSOL  Multiphysics 
▼  m  AC/DC  Module 
▼  |B  Statics 

[J  Shell,  Conductive  Media  DC 

Qj  Conductive  Media  DC 

I  Electrostatics 

Q]  Electrostatics.  Generalized 


Magnetosutics 


|  |  Magneiosiaclcs.  Ungauged  AV 

[~  |  MjyneluiULiLb.  Nu  Cun  euli 

*           Qujii-5laliLi.  EleUr  iL 

>          Quasi-Statica,  Magnetic  


IVncnripnt  vari.ihliK 


Element: 


AC/DC  Module 


Ay  Ay  A7  \\<\ 

enrua 

Vector -Quadratic 

Description: 

Magnetostatics  of  conducting 
magnetic  materials. 


f 


Multiphysics 


(     Help     )     (  Cancel  ) 

I  FIGURE  8.102  3D_HC_1  Model  Navigator  setup 
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Table  8.14     Constants  Edit  Window 


Expression 

Description 

Figure  Number 

JO 

1  [A/m*2] 

Coil  current  density 

8.103 

Constants 

Using  the  menu  bar,  select  Options  >  Constants.  Enter  the  constant  shown  in  Table  8.14. 
Click  OK.  See  Figure  8.103. 

Select  File  >  Save  As.  Enter  3D_HC_l.mph  in  the  Save  As  edit  window.  See 
Figure  8.104.  Click  the  Save  button. 


I  FIGURE  8.103  3D_HC_1  model  Constants  edit  window 


Save  As:  1 3D_HC_l.mph 

m 

D 

Monday.  April  13.  2009  5  38  PM 

D  3D_F.SP_2.mph 

Tuesday.  April  14.  2009  5  35  PM 

Q  3D_TlR_l.mph 

Friday.  April  10,  2009  12  28  PM 

D  3D_TLR_2.mph 

Friday.  April  10.  2009  5  28  PM 

File  Format:  [  COMSOL  Multiphysics  Mo—  kt^ 


(  New  Folder  )  (  Cancel  >    (  Save  > 

I  FIGURE  8.104  3D_HC_1  model  Save  As  edit  window 
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Face  Parallel      Edge  Angle      vertices  Advanced 


(  Cancel  "N 

(     Apply  ) 

(     Help  ) 

(  Preview...  ^ 


I  FIGURE  8.105  3D_HC_1  model  Work-Plane  Settings  edit  window 
Geometry  Modeling 

Each  Helmholtz  coil  is  created  in  cross  section  by  drawing  squares  in  the  2D 
work-plane.  The  modeler  then  creates  a  solid  coil  by  revolution  (revolve)  of  the  2D 
work-plane  geometry  into  the  3D  geometry. 

Using  the  menu  bar,  select  Draw  >  Work- Plane  Settings.  See  Figure  8 .105.  Click  OK. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Square.  In  the  Square  edit  win- 
dow, enter  the  information  shown  in  Table  8.15.  Click  OK  after  filling  in  the  parameters 
of  each  separate  square  in  the  appropriate  edit  window.  See  Figures  8.106  and  8.107. 

I  Table  8.15     Geometry  Components 


SQ1 

0.05 

Corner 

-0.425 

0.175 

8.106 

SQ2 

0.05 

Corner 

-0.425 

-0.225 

8.107 

Base:    I  Corner 


Rotation  angle 

Width:  0.05 

a:  0 

(degrees! 

LI 


Style: 


Solid 


Name:  SQl 


f     H"P     )     f    Apply    )      (   Cancel   )     (      OK  ) 

I  FIGURE  8.106  3D_HC_1  model  Square  SQ1  edit  window 
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y:        [-0.225  | 


I  FIGURE  8.107  3D_HC_1  model  Square  SQ2  edit  window 


Click  the  Zoom  Extents  button.  Select  SQ1  and  SQ2.  Using  the  menu  bar,  select 
Draw  >  Revolve.  See  Figure  8.108. 
Click  OK.  See  Figure  8.109. 

Using  the  menu  bar,  select  Draw  >  Sphere.  Enter  1  in  the  Radius  edit  window. 
See  Figure  8.110. 

Click  OK,  and  then  click  the  Zoom  Extents  button.  Click  on  the  display  window 
background  outside  the  sphere.  See  Figure  8.111. 


I  FIGURE  8.108  3D_HC_1  model  Revolve  edit  window 
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I  FIGURE  8.109  3D_HC_1  model  Helmholtz  coil  pair 


I  FIGURE  8.110  3D_HC_1  model  Sphere  edit  window 
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I  FIGURE  8.111  3D_HC_1  model  sphere  and  Helmholtz  coil  pair 
Physics  Subdomain  Settings:  Magnetostatics  (emqa) 

Using  the  menu  bar,  select  Physics  >  Subdomain  Settings.  Select  the  subdomain(s)  and 
enter  the  expression  indicated  in  Table  8.16.  Click  OK.  See  Figures  8.112  and  8.113. 

note'^  The  numerical  value  of  the  permeability  for  free  space  (^i0)  in  SI  units  is 
exactly  Att  X  10  ~7  H/m.  That  value  is  the  default  value  for  permeability  incorporated 
into  the  COMSOL  Multiphysics  software.  The  permeability  of  a  material  is  the  product 
of  /jl0  and  /xr,  which  in  this  case  is  1 . 


Table  8.16     Subdomain  Settings 


1 

Je 

0  0  0 

8.112 

2,  3 

J* 

-J0*z/sqrt(xA2+zA2)  0 
J0*x/sqrt(xA2+zA2) 

8.113 
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I  FIGURE  8.112  3D_HC_1  model  Subdomain  Settings  (1)  edit  window 


Physics  Boundary  Settings:  Magnetostatics  (emqa) 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  Verify  or  enter  the  default 
boundary  setting  (Magnetic  insulation)  for  spherical  boundaries  1-4, 21, 22, 31,  and  32. 
See  Figure  8.114.  Click  OK. 


Equation 


I  Subdomains  Croup: 


Croup:   Z_ 

Q  Wi»ri  hv  group 

M  Active  in  this  domain 


1  Physics  Infinite 


properties  and  sources 


Library  material:  C 


9  GE^D 


Quantity     VaJue/ Expression 

J*  -JO*z/sqrt(x'  T~ 
H«i   (  i-MQN,H 


Unit  Description 

[)0'>c/tqrt(xT|  A/m3  External  current  density 


constitutive  n 

Rcldiive  permcibility 


IC31 


I  FIGURE  8.113  3D_HC_1  model  Subdomain  Settings  (2,  3)  edit  window 
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I  FIGURE  8.114  3D_HC_1  model  Boundary  Settings  (1-4,  21,  22,  31,  32)  edit  window 
Mesh  Generation 

Using  the  menu  bar,  select  Mesh  >  Free  Mesh  Parameters.  Select  "Coarser"  from  the 
Predefined  mesh  sizes  pull-down  list.  See  Figure  8.115. 

Click  the  Subdomain  tab.  Select  subdomains  2  and  3.  Enter  0.05  in  the  Maximum 
element  size  edit  window.  See  Figure  8.116. 


Free  Mesh  Parameters 


Subduiiidin 


Buunddiy      Edye      Puinl      Advanced  I 


Q  Predefined  mesh  sizes-  |  Coarser 

(_)  Custom  mesh  size 


Maximum  element  size: 

Maximum  etemeni  size  scaling  factor:  1.9 

Element  growth  rate:  1.7 

Mesh  curvature  factor:  0.8 

Mesh  curvature  cutoff:  0  05 
Resolution  of  narrow  regions. 


0.3 


M  Optimize  quality 

Refinement  method       Longest  •  j  \ 


r.wel 


C  APP'V  ) 
(     H«'P  ) 


}  c 


^)     (     Mesh  Selected  ) 


I  FIGURE  8.115  3DJHCJ  model  Free  Mesh  Parameters  edit  window,  Global  tab 
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Subdonuin  iclection 


'_'  5«kttlivgiouy 
(  SektlRcnwiiimu  ^ 
S,  Iu:t  M<Vh7d 


Free  Mesh  Parameters   

loundary      Edge      Point      Advanced  1 


Flrnwnr  growrh  r M 


c 


3 


(  Relet  to  Default]  )    (        llemesh        )    (    Mesh  Selected  ) 

I  FIGURE  8.116  3D_HC_1  model  Free  Mesh  Parameters  edit  window,  Subdomain  tab 

Click  the  Remesh  button,  and  then  click  OK.  See  Figure  8.117. 

Solving  the  3D_HC_1  Model 

Using  the  menu  bar,  select  Solve  >  Solve  Problem. 


5 


\*.rrffOMS04  W.-  I.M.I.  W.MT.Imp*. 

(-7.427.-13.59. ».U«  AXIS  CWO  EQUAL  CSVS 

I  FIGURE  8.117  3D_HC_1  model  mesh 


Magnetostatic  Modeling  Basics  645 


I  FIGURE  8.118  3D_HC_1  model  default  solution  plot 


Postprocessing  and  Visualization 

The  default  solution  plot  is  the  slice  plot.  See  Figure  8.118. 

To  see  the  model  solution  inside  the  sphere,  the  modeler  needs  to  suppress  the 
boundaries  of  the  sphere.  Using  the  menu  bar,  select  Options  >  Suppress  >  Suppress 
Boundaries.  Select  boundaries  1-4, 21 , 22, 31 ,  and  32  in  the  Boundary  selection  window. 
See  Figure  8.119.  Click  OK. 


Boundary  selection: 

[ 

W 

f   Select  Current  Suppression  ) 
(         Invert  Suppression  ^ 

h 

Suppress  None 

35 
36 

(     H„p     )  ( 

Apply   ^1     (  Cancel   ^     (     OK  ^ 

I  FIGURE  8.119  3D_HC_1  model  plot  Suppress  Boundaries  selection  window 
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Slice 


Isosurface 


Subdomain 


Boundary 


Edge       ►  1 


Plot  type 
M  Slice 
n  Isosurface 
Q  Subdomain 
Ml  Boundary 

□  Edge 
0  Arrow 

□  Principal 
Q  Streamline 

Q  Particle  tracing 
[J  Max/min  marker 
_J  Deformed  shape 

Q  Geometry  edges 


Solution  to  use 

Solution  at  time 
Time: 

Solution  at  angle  (phase):  0 


degrees 


Frame: 


J} 


Geometries  to  use 


□  Element  selection 

Logical  expression  for  inclusion 

Element  nodes  to  fulfill  expression: 
[  All 


Element  refinement:  Ivl  Auto 


Plot  in:  [  Main  axes   ^     Q  Keep  current  plot 
(  Smoothing^")     (       Title...       )    rn  ttoke  rough  plots 


I  FIGURE  8.120  3D_HC_1  model  Plot  Parameters  selection  window,  General  tab 


Using  the  menu  bar,  select  Postprocessing  >  Plot  Parameters  >  General.  Check  the 
Slice,  Boundary,  and  Arrow  check  boxes.  Uncheck  the  Geometry  edges  check  box. 
See  Figure  8.120.  Click  the  Apply  button. 

Click  the  Slice  tab.  Select  or  verify  the  Predefined  quantities:  Magnetic  flux  densi- 
ty, norm.  Enter  0  in  the  x  and  y  levels  edit  windows  and  1  in  the  z  levels  edit  win- 
dow. See  Figure  8.121.  Click  the  Apply  button. 
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Plot  Parameters 


General 


Isosurface 


Subdomain 


Boundary         Edge  ►! 


M  Slice  plot 
Slice  data 


Predefined  quantities:  I  Magnetic  flux  density,  norm  f-g^ 
Expression:  normB_emqa 
Unit:  [  T 


(  Range...  \ 
fVj  Smooth 


Slice  positioning 


x  levels:  ©  0 
y  levels:    @  0 


!  levels:    ©  1 


Number  of  levels  Vector  with  coordinates 

I  o 
I  o 
o 


Coloring  and  fill 

Coloring:  Interpolated       ~^%\         Fill  style:        [  Filled 


Slice  color 


(•)  Colormap: 


Colors:  1024 


M  Color  scale 


Q  Uniform  color:     '  Color...  ^ 


(    Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  8.121  3D_HC_1  model  Plot  Parameters  selection  window,  Slice  tab 


Click  the  Boundary  tab.  Enter  1  in  the  Boundary  data  Expression  edit  window. 
Click  the  Uniform  color  radio  button  and  choose  black.  Click  OK.  See  Figure  8.122. 
Click  the  Apply  button. 

Click  the  Arrow  tab.  Select  "Magnetic  field"  from  the  Predefined  quantities 
pull-down  list.  Enter  24  in  the  x  points  window,  10  in  the  y  points  window,  and  1  in  the 
z  points  window.  Uncheck  the  Scale  factor  Auto  check  box.  Enter  0.5  in  the  Scale 
factor  edit  window.  See  Figure  8.123.  Click  the  Apply  button. 
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Plot  Parameters 


Edge       ►  1 


General 


Slice 


Isosurface 


Subdomain 


Boundary  plot 
Boundary  data 


Predefined  quantities: 
Expression: 
Unit: 


3 


Coloring  and  fill 


Coloring:      1  Interpolated      -j^        Fill  style:       1  Filled 
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O  Colormap: 


@  Uniform  color:    (  Color...") 
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(    Help    )    (   Apply   )    (  Cancel  )    (     OK  ) 

I  FIGURE  8.122  3D_HC_1  model  Plot  Parameters  selection  window,  Boundary  tab 


Click  OK.  See  Figure  8.124. 
Cross- Section  Field  Analysis 

To  obtain  a  graphical  plot  of  the  magnetic  field,  use  the  Cross-Section  Plot  feature. 
Using  the  menu  bar,  select  Postprocessing  >  Cross-Section  Plot  Parameters  >  General. 
Click  the  Line/Extrusion  plot  radio  button  in  the  Plot  type  selection  window.  Click  the 
Line/Extrusion  tab.  Select  "Magnetic  flux  density,  norm"  from  the  Predefined  quanti- 
ties pull-down  list  in  the  y-axis  data  selection  window.  Select  "x"  from  the  x-axis  data 
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I  FIGURE  8.123  3D_HC_1  model  Plot  Parameters  selection  window,  Arrow  tab 

pull-down  list.  In  the  Cross-section  line  data  edit  windows,  enter  -0.8  for  xO  and  0.8 
for  xl.  See  Figure  8.125. 

Click  the  Apply  button.  See  Figure  8.126. 

Click  OK.  See  Figure  8.127. 

3D  Magnetic  Field  of  a  Helmholtz  Coil:  Summary  and  Conclusions 

The  3D  magnetic  field  of  a  Helmholtz  coil  model  demonstrates  the  magnetic  field 
uniformity  of  a  Helmholtz  coil  pair.  The  magnetostatic  modeling  technique  can  be 
applied  to  a  diverse  collection  of  scientific  and  engineering  applications  (e.g.,  ranging 
from  magnetometers  and  Hall  effect  sensors  to  biomagnetic  and  medical  studies). 
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I  FIGURE  8.124  3D_HC_1  model  solution  plot 
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I  FIGURE  8.125  3D_HC_1  model  Cross-Section  Plot  Parameters  edit  window 


Magnetostatic  Modeling  Basics 


651 


I  FIGURE  8.126  3D_HC_1  model  cross-section  plot 


I  FIGURE  8.127  3D_HC_1  model  solution  plot  with  cross-section  plot  line 
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Model  Navigator 

f  New      Model  Library      User  Models      Open      Settings  ' 


Space  dimension: 


^  Application  Modes 
►  Qj  COMSOL  Multiphysics 
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Description: 
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Application  mode  name:  emqa 
Element: 
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magnetic  materials. 


Vector  -  Quadratic 


_T1  r 


Multiphysics 


I  FIGURE  8.128  3D_HC_2  Model  Navigator  setup 


3D  Magnetic  Field  of  a  Helmholtz  Coil  with  a  Magnetic  Test  Object 

The  following  numerical  solution  model  (3D_HC_2  model)  is  derived  from  a 
model  that  was  originally  developed  by  COMSOL  as  an  AC/DC  Module  Electrical 
Components  demonstration  model.  That  model  was  developed  for  distribution  with 
the  Multiphysics  software  as  a  COMSOL  AC/DC  Module  Model  Library. 

To  start  building  the  3D_HC_2  model,  activate  the  COMSOL  Multiphysics  soft- 
ware. In  the  Model  Navigator,  select  "3D"  from  the  Space  dimension  pull-down  list. 
Select  AC/DC  Module  >  Statics  >  Magnetostatics.  See  Figure  8.128.  Click  OK. 


Constants 

Using  the  menu  bar,  select  Options  >  Constants.  Enter  the  constant  shown  in  Table  8.17. 
Click  OK.  See  Figure  8.129. 
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Name 
(0 

l[A/mA2| 

Va  ue 
HA/m2| 

Coil  current  density  j 

r 





▼ 

(SB                     (    Help    )  ( 

Apply  ) 

C  Can«'  )  t  "»»' 

I  FIGURE  8.129  3D_HC_2  model  Constants  edit  window 


Select  File  >  Save  As.  Enter  3D_HC_2.mph  in  the  Save  As  edit  window.  See 
Figure  8.130.  Click  the  Save  button. 

Geometry  Modeling 

Each  Helmholtz  coil  is  created  in  cross  section  by  drawing  squares  in  the  2D 
work-plane.  The  modeler  then  creates  a  solid  coil  by  revolution  (revolve)  of  the  2D 


work-plane  geometry  into  the  3D  geometry. 

Save  As:  3D.HC_2.mph 

U  10_Models                           .  1 

0  ,D_ESP_l.mph                                  Monday.  April  13.  2009  5  38  PM 
0  3D_ESP_2.mph                               Tuesday.  April  14.  2009  5:35  PM 
D  3D_HC_l.mph                                Friday.  April  17.  2009  2  10  PM 
Q  3D_TLR_l.mph                                 Friday.  April  10.  2009  12  28  PM 
B  3D_TLR_2.mph                                 Friday.  April  10.  2009  5  28  PM 

File  Format:  '  COMSOL  Multiphysics  Mo...  >  :| 

I  FIGURE  8.130  3D_HC_2  model  Save  As  edit  window 
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Quick       fdfc  pjidllel       Ldgc  Angle-       Vertices  AdvjriCL'd 


@  x-y   2:  0 

O  V"1  *■  0 
O  z-«  y  ° 


(  Cancel  ~> 

(  Apply  ) 

(  ) 

(  Preview...  ^ 


I  FIGURE  8.131  3D_HC_2  model  Work-Plane  Settings  edit  window 

Using  the  menu  bar,  select  Draw  >  Work- Plane  Settings.  See  Figure  8.131 .  Click  OK. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Square.  In  the  Square  edit 
window,  enter  the  information  shown  in  Table  8.18.  Click  OK  after  filling  in  the 
parameters  of  each  separate  square  in  the  appropriate  edit  window.  See  Figures  8.132 
and  8.133. 

I  Table  8.18    Geometry  Components 


(    Help    )    (   Apply   )    (  Canctl  ) 


I  FIGURE  8.132  3D_HC_2  model  Square  SQ1  edit  window 
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I  FIGURE  8.133  3D_HC_2  model  Square  SQ2  edit  window 


Click  the  Zoom  Extents  button.  Select  SQ1  and  SQ2.  Using  the  menu  bar,  select 
Draw  >  Revolve.  See  Figure  8.134. 
Click  OK.  See  Figure  8.135. 

Using  the  menu  bar,  select  Draw  >  Ellipsoid.  Enter  x  =  0 .05 ,  y  =  0 .3 ,  and  z  =  0 .05 
in  the  Length  semiaxes  edit  windows.  Enter  x  =  0,  y  =  0  and  z  =  1  in  the  Cartesian 
coordinates  edit  windows.  See  Figure  8.136.  Click  OK. 

Using  the  menu  bar,  select  Draw  >  Sphere.  Enter  1  in  the  Radius  edit  window. 
See  Figure  8.137.  Click  OK. 

Click  the  Zoom  Extents  button.  Click  on  the  display  window  background  outside 
the  sphere.  See  Figure  8.138. 


Objects  to  revolve: 
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@  Second  point 
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I  FIGURE  8.134  3D_HC_2  model  Revolve  edit  window 
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I  FIGURE  8.135  3D_HC_2  model  Helmholtz  coil  pair 


I  FIGURE  8.136  3D_HC_2  model  Ellipsoid  edit  window 
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Style 


•  Solid 


Sphere  parameters 


Radius:  1 


Name:  SPH1 


Rotation  angle 


a:  0 


(degrees) 


O  Spherical  coordinates 

(degrees] 

q>:    0  (degrees) 


(    Help    )     (   Apply   )     (  Cancel  ) 

I  FIGURE  8.137  3D_HC_2  model  Sphere  edit  window 


I  FIGURE  8.138  3D_HC_2  model,  sphere,  Helmholtz  coil  pair,  and  magnetic  ellipsoid 
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Table  8.19    Subdomain  Settings 


Subdomain          Quantity         Value/Expression           Figure  Number 

1 

0  0  0 

8.139 

Mr 

1 

2,  3 

Je 

-J0*z/sqrt(xA2+zA2)  0 

J0*x/sqrt(xA2+zA2) 

8.140 

M, 

1 

4 

Je 

0  0  0 

8.141 

Mr 

15000 

Physics  Subdomain  Settings:  Magnetostatics  (emqa) 

Using  the  menu  bar,  select  Physics  >  Subdomain  Settings.  Select  the  Subdomain(s) 
and  enter  the  expression  indicated  in  Table  8.19.  Click  OK.  See  Figures  8.139,  8.140, 
and  8.141. 


noie^  The  numerical  value  of  the  permeability  for  free  space  (fi0)  in  SI  units  is 
exactly  4tt  X  10~7  H/m.  That  value  is  the  default  value  for  permeability  incorporated 
into  the  COMSOL  Multiphysics  software.  The  permeability  of  a  material  is  the  product 
of  /JL0  and  fjbr,  which  in  this  case  is  1 . 


I  FIGURE  8.139  3D_HC_2  model  Subdomain  Settings  (1)  edit  window 
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I  FIGURE  8.140  3D_HC_2  model  Subdomain  Settings  (2,  3)  edit  window 
Physics  Boundary  Settings:  Magnetostatics  (emqa) 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  Verify  or  enter  the  default 
boundary  setting  (Magnetic  insulation)  for  spherical  boundaries  1-4, 25, 26, 37,  and  40. 
See  Figure  8.142.  Click  OK. 


I  FIGURE  8.141  3D_HC_2  model  Subdomain  Settings  (4)  edit  window 
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I  FIGURE  8.142  3D_HC_2  model  Boundary  Settings  (1-4,  25,  26,  37,  40)  edit  window 


Mesh  Generation 

Using  the  menu  bar,  select  Mesh  >  Free  Mesh  Parameters.  Select  "Coarser"  from  the 
Predefined  mesh  sizes  pull-down  list.  See  Figure  8.143. 

Click  the  Subdomain  tab.  Select  subdomains  2  and  3.  Enter  0.05  in  the  Maximum 
element  size  edit  window.  See  Figure  8.144. 
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I  FIGURE  8.143  3D_HC_2  model  Free  Mesh  Parameters  edit  window,  Global  tab 
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Clubdl 
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Subdomain  mesh  parameters  — 
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Element  growth  rate: 
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(   Apply  ) 


I  FIGURE  8.144  3D_HC_2  model  Free  Mesh  Parameters  edit  window,  Subdomain  (2,  3)  tab 

Select  subdomain  4.  Enter  0.03  in  the  Maximum  element  size  edit  window.  See 
Figure  8.145. 

Click  the  Remesh  button,  and  then  click  OK.  See  Figure  8.146. 


Glubal       Subdurtuin  Buumju 


Puinl      Advanced  l_ 


Subdomain  selection 


1  Select  by  group 
f    Select  Remaining  ^ 
(     Select  Meshed  ) 


Subdomain  mesh  parameters 


Maximum  element  size:  0.03 
Element  growth  rate: 


(  ("anrel  ) 
C   Apply  ) 


I  FIGURE  8.145  3D_HC_2  model  Free  Mesh  Parameters  edit  window,  Subdomain  (4)  tab 
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(-7.S7S,  -13.811,  7.677)  {AXIS  GRID  | EQUAL  [CSYS 


I  FIGURE  8.146  3D_HC_2  model  mesh 

Solving  the  3D_HC_2  Model 

Using  the  menu  bar,  select  Solve  >  Solve  Problem. 

Postprocessing  and  Visualization 

The  default  solution  plot  is  the  slice  plot.  See  Figure  8.147. 

To  see  the  model  solution  inside  the  sphere,  the  modeler  needs  to  suppress  the 
boundaries  of  the  sphere.  Using  the  menu  bar,  select  Options  >  Suppress  >  Suppress 
Boundaries.  Select  boundaries  1—4, 25, 26, 37,  and  40  in  the  Boundary  selection  window. 
See  Figure  8.148.  Click  OK. 

Using  the  menu  bar,  select  Postprocessing  >  Plot  Parameters  >  General.  Check  the 
Slice,  Boundary,  and  Arrow  check  boxes.  Uncheck  the  Geometry  edges  check  box. 
See  Figure  8.149.  Click  the  Apply  button. 
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I  FIGURE  8.147  3D_HC_2  model  default  solution  plot 


I  FIGURE  8.148  3D_HC_2  model  plot  Suppress  Boundaries  selection  window 
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I  FIGURE  8.149  3D_HC_2  model  Plot  Parameters  selection  window,  General  tab 


Click  the  Slice  tab.  Select  or  verify  the  Predefined  quantities:  Magnetic  flux  densi- 
ty, norm.  Enter  0  in  the  x  levels  edit  window,  0  in  the  y  levels  edit  window,  and  1  in 
the  z  levels  edit  window.  See  Figure  8.150.  Click  the  Apply  button. 

Click  the  Boundary  tab.  Enter  1  in  the  Boundary  data  Expression  edit  window. 
Click  the  Uniform  color  radio  button,  and  choose  black.  Click  OK.  See  Figure  8.151. 
Click  the  Apply  button. 

Click  the  Arrow  tab.  Select  "Magnetic  field"  from  the  Predefined  quantities  pull- 
down list.  Enter  24  in  the  x  points  window,  10  in  the  y  points  window,  and  1  in  the 
z  points  window.  Uncheck  the  Scale  factor  Auto  check  box.  Enter  0.5  in  the  Scale 
factor  edit  window.  See  Figure  8.152.  Click  the  Apply  button. 
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I  FIGURE  8.150  3D_HC_2  model  Plot  Parameters  selection  window,  Slice  tab 


Click  OK.  See  Figure  8.153. 
Cross-Section  Field  Analysis 

To  obtain  a  graphical  plot  of  the  magnetic  field,  use  the  Cross-Section  Plot  feature. 
Using  the  menu  bar,  select  Postprocessing  >  Cross-Section  Plot  Parameters  >  General. 
Click  the  Line/Extrusion  plot  radio  button  in  the  Plot  type  selection  window.  Click  the 
Line/Extrusion  tab.  Select  "Magnetic  flux  density,  norm"  from  the  Predefined  quanti- 
ties pull-down  list  in  the  y-axis  data  selection  window.  Select  "x"  from  the  x-axis  data 
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I  FIGURE  8.151  3D_HC_2  model  Plot  Parameters  selection  window,  Boundary  tab 

pull-down  list.  In  the  Cross-section  line  data  edit  windows,  enter  -0.8  for  xO  and  0.8 
for  xl.  See  Figure  8.154. 

Click  the  Apply  button.  See  Figure  8.155. 

Click  OK.  See  Figure  8.156. 

3D  Magnetic  Field  of  a  Helmholtz  Coil  with  a  Magnetic  Test  Object: 
Summary  and  Conclusions 

The  3D  magnetic  field  of  a  Helmholtz  coil  with  a  magnetic  test  object  model  demon- 
strates the  magnetic  field  concentration,  when  a  high  relative  permeability  object  lies 
within  the  field  of  the  Helmholtz  coil.  This  magnetostatic  modeling  technique  can  be 
applied  to  a  diverse  collection  of  scientific  and  engineering  test,  measurement,  and 
design  applications. 
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I  FIGURE  8.152  3D_HC_2  model  Plot  Parameters  selection  window,  Arrow  tab 


I  FIGURE  8.153  3D_HC_2  model  solution  plot 
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I  FIGURE  8.154  3D  HC  2  model  Cross-Section  Plot  Parameters  edit  window 


I  FIGURE  8.155  3D_HC_2  model  cross-section  plot 
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I  FIGURE  8.156  3D_HC_2  model  solution  plot  with  cross-section  plot  line 

■  References 

1 .  http://en.wikipedia.org/wiki/Thin_film 

2 .  http://en .wikipedia .org/wiki/Layer_(electronics) 

3 .  http://en.wikipedia.org/wiki/Coating 

4.  http://focus.ti.com/lit/an/slyt209a/slyt209a.pdf 

5 .  http://en.wikipedia.org/wiki/Electrical_resistance 

6.  http://en.wikipedia.org/wiki/Voltage_divider 

7 .  http://en  .wikipedia  .org/wiki/Thales_of_Miletus 

8 .  http://en.wikipedia.org/wiki/Otto_von_Guericke 

9.  http://en.wikipedia.org/wiki/Electrostatic_generator 

10.  http://en.wikipedia.org/wiki/Charles-Augustin_de_Coulomb 

1 1 .  http://en.wikipedia.org/wiki/Carl_Friedrich_Gauss 

1 2 .  http ://en  .wikipedia  .org/wiki/Electrostatics 


670  Chapter  8    3D  Modeling 


1 3 .  http://en .wikipedia .org/wiki/Gauss%27s_Law 

14 .  http://en .wikipedia .org/wiki/Laplacian_operator 

15 .  http://en.wikipedia.org/wiki/Vector_Laplacian 

16.  http://en.wikipedia.org/wiki/Pierre-Simon_de_Laplace 

17.  http://en.wikipedia.org/wiki/Maxwell%27s_Equations 

18 .  http://en.wikipedia.org/wiki/James_Clerk_Maxwell 

19.  http://en.wikipedia.org/wiki/Gauge_Transformation 

20 .  http://en  .wikipedia  .org/wiki/Coulomb_gauge 

21.  COMSOL  AC/DC  Module  User's  Guide,  Version  3.4,  October  2007,  COSMOL 
AB,  Stockholm,  Sweden,  p.  92 


■  Exercises 

1.  Build,  mesh,  and  solve  the  3D  thin  layer  resistance  model,  thin  layer 
approximation  problem  presented  in  this  chapter. 

2.  Build,  mesh,  and  solve  the  3D  thin  layer  resistance  model,  thin  layer  subdomain 
problem  presented  in  this  chapter. 

3.  Build,  mesh,  and  solve  the  3D  electrostatic  potential  between  two  cylinders  prob- 
lem presented  in  this  chapter. 

4.  Build,  mesh,  and  solve  the  3D  electrostatic  potential  between  five  cylinders  prob- 
lem presented  in  this  chapter. 

5.  Build,  mesh,  and  solve  the  3D  magnetic  field  of  a  Helmholtz  coil  (static)  problem 
presented  in  this  chapter. 

6.  Build,  mesh,  and  solve  the  3D  magnetic  field  of  a  Helmholtz  coil  with  a  magnetic 
test  object  problem  presented  in  this  chapter. 

7.  Explore  other  materials  as  applied  in  the  3D  thin  layer  resistance  models. 

8.  Explore  other  materials  as  applied  in  the  model  of  a  3D  magnetic  field  of  a 
Helmholtz  coil  with  a  magnetic  test  object. 

9.  Explore  adding  more  and/or  different  magnetic  test  objects  to  the  3D  magnetic 
field  of  a  Helmholtz  coil  model. 

10.  Explore  the  different  geometries  in  the  3D  thin  layer  resistance  models. 
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■  Perfectly  Matched  Layer  Modeling  Guidelines  and 
Coordinate  Considerations 

PML  Theory 

One  of  the  underlying  fundamental  difficulties  in  electromagnetic  wave  equation  calcula- 
tions (Maxwell's  equations1)  is  dealing  with  a  propagating  wave  interacting  with  bound- 
aries (reflections).  If  the  boundary  of  the  model  domain  is  terminated  in  the  typical 
fashion,2  unwanted  reflections  are  typically  incorporated  into  the  solution.  Fortunately, 
there  is  a  methodology  that  works  sufficiently  well  to  essentially  eliminate  reflection  prob- 
lems at  the  domain  boundary.  That  methodology  is  the  perfectly  matched  layer  (PML). 

The  PML  is  an  approximation  methodology  originally  developed  in  1994  by  Jean- 
Pierre  Berenger3  for  use  with  FDTD4  (finite-difference  time-domain)  electromagnetic 
modeling  calculations.  The  PML  technique  has  since  been  adapted  and  applied  to 
other  calculational  methodologies  that  have  similar  domain  mediated  needs  (e.g., 
FEM  and  others)  .5  This  methodology  can  be  applied  to  a  large  variety  of  diverse  wave 
equation  problems.6  In  this  chapter,  however,  it  is  applied  only  to  electromagnetic 
problems  within  the  context  of  the  COMSOL  RF  Module.7 


672  Chapter  9    Perfectly  Matched  Layer  Models 

2D  Perfectly  Matched  Layers 


Model  Domain 

f 

I  FIGURE  9.1  2D  Cartesian  domain  with  PMLs 


note^  For  a  broader  detailed  application  of  the  PML  methodology  to  other  types  of 
wave  problems,  refer  to  the  literature. 


In  the  COMSOL®  Multiphysics®  software,  the  PML  technique  is  explicitly  avail- 
able in  the  RF  Module,  for  application  to  electromagnetics  modeling  problems.  The 
function  of  the  PML  methodology  is  to  add  anisotropic  attenuating  domains  (layers) 
outside  the  modeled  domain,  so  that  the  modeled  domain  has  substantially  reflection- 
less  boundaries.  Examples  of  modeling  domains  with  PMLs  include  a  2D  Cartesian 
domain  with  PMLs  (Figure  9.1),  a  3D  Cartesian  domain  with  PMLs  (Figure  9.2),  a  3D 
spherical  domain  with  PMLs  (Figure  9.3),  and  a  3D  cylindrical  domain  with  PMLs 
(Figure  9.4).  The  coordinate  systems  employed  with  the  domain  structures  are  those 
that  are  associated  with  their  respective  geometries. 


note^  To  achieve  the  desired  behavior  of  the  wave  equation  PDE,  the  entire  model 
domain,  including  the  perfectly  matched  layers,  is  transformed  to  a  complex  coordinate 
system.  For  a  Cartesian  system  (x,  y,  z),  the  transformation  occurs  as  follows: 
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(9.1) 


where  a(x,  y,  z)  is  a  step  function  that  is  zero  inside  the  solution  domain  and  a  positive 
real  number  or  an  appropriate  function  of  the  designated  coordinate  variable  (x,  y,  z) 
outside  the  solution  domain  and  inside  the  PML. 
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I  FIGURE  9.2  3D  Cartesian  domain  with  PMLs 


I  FIGURE  9.3  3D  spherical  domain  with  PMLs 
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I  FIGURE  9.4  3D  cylindrical  domain  with  PMLs 

The  transformation  of  the  PDE  in  this  fashion  results  in  a  solution  with  a 
multiplicative  term  that  is,  in  general,  as  follows: 

F(x,y,z)=f(x,y,z)*e-^  (9.2) 

where     F(x,y,  z)  =  f(x,  y,  z)*e~°  (the  solution  inside  the  domain) 

F(x,  y,z)=  fix,  y ,  z)*e-Kafy,y,z)io>  (t[je  decaying  solution  within  the  PML  domain) 

At  the  outer  PML  boundary,  the  preferred  boundary  condition  is  the  scattering 
boundary.  However,  if  the  attenuation  of  the  propagating  wave  at  the  outer  boundary  of 
the  PML  is  sufficient,  then  the  particular  boundary  condition  invoked  is  largely 
irrelevant.  In  such  a  case,  the  amplitude  of  the  reflected  wave  will  be  sufficiently  small 
as  not  to  contribute  to  the  final  solution. 
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I  FIGURE  9.5  Wave  equation  solution  example  inside  the  modeling  domain 

Figures  9.5  and  9.6  show  examples  of  wave  equation  solutions.  For  an  exam- 
ple of  the  wave  equation  solution  inside  the  modeling  domain,  see  Figure  9.5. 
For  an  example  of  the  wave  equation  solution  inside  the  PML  domain,  see 
Figure  9.6. 
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I  FIGURE  9.6  Wave  equation  solution  example  inside  the  PML  domain 
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I  FIGURE  9.7  2D_PML_DL_1  Model  Navigator  setup 


■  PML  Models  

2D  Dielectric  Lens  Model,  with  PMLs 


note^  The  dielectric  lens  is  a  concept  borrowed  from  optical  physics.  In  this 
application,  the  principles  of  optics  are  applied  to  lower- frequency  electromagnetic 
waves  to  focus  the  impinging  wavefront  into  the  region  of  a  sensor.  The  act  of  focusing 
the  wavefront  effectively  amplifies  the  magnitude  of  the  impinging  signal. 

The  following  numerical  solution  model  (2D_PML_DL_1  model)  is  derived  from  a 
model  that  was  originally  developed  by  COMSOL  as  an  RF  Module  tutorial  model 
for  the  demonstration  of  the  PML  methodology.  That  model  was  developed  for  dis- 
tribution with  the  RF  Module  software  as  part  of  the  COMSOL  RF  Module  Model 
Library. 

To  start  building  the  2D_PML_DL_1  model,  activate  the  COMSOL  Multiphysics 
software.  In  the  Model  Navigator,  select  "2D"  from  the  Space  dimension  pull-down 
list.  Select  RF  Module  >  In-Plane  Waves  >  TE  Waves  >  Scattered  harmonic  propaga- 
tion. See  Figure  9.7.  Click  OK. 
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Table  9.1     Geometry  Components 


Width 

Height 

Base 

X 

Figure  Number 

R1 

2.4 

0.2 

Corner 

-1.2 

1.0 

9.8 

R2 

2.4 

0.2 

Corner 

-1.2 

-1.2 

9.9 

R3 

0.2 

2.4 

Corner 

-1.2 

-1.2 

9.10 

R3 

0.2 

2.4 

Corner 

1.0 

-1.2 

9.11 

note^  The  Model  Navigator  command  sequence  (In-Plane  Waves  >  TE  Waves  > 
Scattered  harmonic  propagation)  selects  a  transverse  electric  field  (z-direction)  wave 
traveling  in  the  plane  (x,  y- plane)  of  the  modeling  domain. 


Geometry  Modeling 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  In  the  Rectangle  edit 
window,  enter  the  information  shown  in  Table  9.1 .  Click  OK  after  filling  in  the  param- 
eters of  each  separate  rectangle  in  the  Rectangle  edit  window.  See  Figures  9.8-9.11. 
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I  FIGURE  9.8  2D_PML_DL_1  model  Rectangle  (R1)  edit  window 
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I  FIGURE  9.9  2D_PML_DL_1  model  Rectangle  (R2)  edit  window 
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Size 


Width:  1 0.2 
Height:  2.4 


Base:      j  Corner 
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Rotation  angle 

a:  fo 


Style:    1  Solid 


Name:  R3 
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I  FIGURE  9.10  2D_PML_DL_1  model  Rectangle  (R3)  edit  window 


Click  the  Zoom  Extents  button  before  drawing  the  next  rectangle.  Figure  9.12  shows 
the  PML  rectangles  of  model  2D_PML_DL_1 . 

Select  File  >  Save  As.  Enter  2D_PML_DL_1  .mph  in  the  Save  As  edit  window. 
See  Figure  9.13.  Click  the  Save  button. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Circle.  Enter  Radius  =  0.5, 
Base  =  Center,  x  =  -0.5,  and  y  =  0.  See  Figure  9.14.  Click  OK. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  Enter  Width  =  0.5, 
Height  =  1.0,  Base  =  Corner,  x=  -1.0,  and  y  =  -0.5.  See  Figure  9.15.  Click  OK. 

Using  the  menu  bar,  select  Draw  >  Create  Composite  Object.  Enter  C1-R5  in  the 
Set  formula  edit  window.  See  Figure  9.16. 


I  FIGURE  9.11  2D_PML_DL_1  model  Rectangle  (R4)  edit  window 
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I  FIGURE  9.12  2D_PML_DL_1  model  PML  rectangles 
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I  FIGURE  9.13  2D  PML  DL  1  model  Save  As  edit  window 
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I  FIGURE  9.14  2D_PML_DL_1  model  Circle  (C1)  edit  window 
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I  FIGURE  9.15  2D_PML_DL_1  model  Rectangle  (R5)  edit  window 
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Select  All 
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(  Cancel  ) 


M  Keep  interior  boundaries 
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Repair  tolerance:  1.0E-4 


I  FIGURE  9.16  2D_PML_DL_1  model  Create  Composite  Object  edit  window 
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I  FIGURE  9.17  2D_PML_DL_1  model  dielectric  lens  (C01) 
Click  OK.  See  Figure  9.17. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Square.  Enter  Width  =  2, 
Base  =  Center,  x  =  0,  and  y  =  0.  See  Figure  9.18.  Click  OK. 

Figure  9.19  shows  the  model  domain  plus  PMLs.  Having  established  the  geometry 
for  the  2D_PML_DL_1  model,  the  next  step  is  to  define  the  fundamental  Physics 
properties. 


I  FIGURE  9.18  2D_PML_DL_1  model  Square  (SQ1)  edit  window 
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I  FIGURE  9.19  2D_PML_DL_1  model  domain  plus  PMLs 

Physics  Application  Mode  Properties:  In-Plane  TE  Waves  (rfweh) 

Select  Physics  >  Properties.  Select  "Free  space  wavelength"  from  the  Specify  wave 
using  pull-down  list.  See  Figure  9.20.  Click  OK. 


i  Mode  Proper! 

Prviwtin 

Default  element  type  '   Ugrtngt  Quadrille 

Analytic  rype 
Field  type 

Specify  wave  usilicl  [  Free  ipacc  v»avclent)th 
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I  FIGURE  9.20  2D_PML_DL_1  model  Application  Mode  Properties  edit  window 
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Application  Scalar  Variables 

Name              Expression             Unit  Description 

epsilonO_rfweh   8.854187817e-12     F/m  Permittivity  of  vacuum 
muO_rfweh        4*pi*le-7              H/m  Permeability  of  vacuum 

EOiz_rfweh        exp<-j*ku_rfweh*x>   V/m  Incident  electric  field,  z  component 

P(  Synchronize  equivalent  variables 

I  FIGURE  9.21  2D_PML_DL_1  model  Application  Scalar  Variables  (Iambda0_rfweh)  edit  window 


Physics  Application  Scalar  Variables:  In-Plane  TE  Waves  (rfweh) 

Select  Physics  >  Application  Scalar  Variables.  Enter  0.5  in  the  lambdaO_rfweh  edit 
window.  See  Figure  9.21.  Click  OK. 

Physics  Subdomain  Settings:  In- Plane  TE  Waves  (rfweh) 

Having  established  the  basic  Physics  settings  for  the  2D_PML_DL_1  model,  the  next 
step  is  to  define  the  fundamental  Physics  subdomain  settings.  Select  Physics  > 
Subdomain  Settings.  Click  the  PML  tab.  Select  subdomains  1-4, 6,  and  8-10  (the  PMLs). 
Select  "Cartesian"  from  the  Type  of  PML  pull-down  list.  Click  the  Apply  button.  See 
Figure  9.22. 
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(     Help     )     (    Applr    )     (   Cancel    >     (      OK  ) 

I  FIGURE  9.22  2D_PML_DL_1  model  Subdomain  Settings,  PML  type  selection 
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Center  puiru 


I  FIGURE  9.23  2D_PML_DL_1  model  Subdomain  Settings,  x  absorption 


Select  subdomains  1-3,  and  8-10  (the  vertical  PMLs).  Check  the  Absorbing  in  x 
direction  check  box.  Click  the  Apply  button.  See  Figure  9.23. 

Select  subdomains  1,  3,  4,  6,  8,  and  10  (the  horizontal  PMLs).  Check  the 
Absorbing  in  y  direction  check  box.  Click  the  Apply  button.  See  Figure  9.24. 
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I  FIGURE  9.24  2D_PML_DL_1  model  Subdomain  Settings,  y  absorption 
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Relative  permittivity 
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Electric  conductivity 
Relative  permeability 


I  FIGURE  9.25  2D_PML_DL_1  model  Subdomain  Settings,  Physics  tab,  subdomain  5 


Click  the  Physics  tab.  Select  subdomain  5  (the  model  domain).  Enter  er  =  1, 
a  =  0,  and  |jLr  =  1.  Click  the  Apply  button.  See  Figure  9.25. 

Select  subdomain  7  (the  dielectric  lens).  Enter  er  =  3,  a  =  0,  and  |xr  =  1.  Click 
the  Apply  button.  See  Figure  9.26.  Click  OK. 
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I  FIGURE  9.26  2D_PML_DL_1  model  Subdomain  Settings,  Physics  tab,  subdomain  7 
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I  FIGURE  9.27  2D_PML_DL_1  model  Boundary  Settings 


Physics  Boundary  Settings:  In-Plane  TE  Waves  (rfweh) 

Having  established  the  subdomain  settings  for  the  2D_PML_DL_1  model,  the  next  step 
is  to  define  the  fundamental  Physics  boundary  settings.  Using  the  menu  bar,  select 
Physics  >  Boundary  Settings.  Select  boundary  1 .  Check  the  Select  by  Group  check  box 
to  select  all  the  outer  edges  of  the  PMLs  (boundaries).  Select  "Scattering  boundary 
condition"  from  the  Boundary  condition  pull-down  list.  See  Figure  9.27.  Click  OK. 

Mesh  Generation 

Using  the  menu  bar,  select  Mesh  >  Free  Mesh  Parameters.  Click  the  Subdomain  tab. 
Select  subdomain  7  (the  dielectric  lens).  Enter  0.05  in  the  Maximum  element  size  edit 
window.  Select  "Quad"  from  the  Method  pull-down  list.  See  Figure  9.28. 

Click  the  Mesh  Selected  button.  Click  the  Select  Remaining  button.  Click  the 
Mesh  Selected  button.  Click  OK.  See  Figure  9.29. 

Solving  the  2D_PML_DL_1  Model 

Using  the  menu  bar,  select  Solve  >  Solver  Parameters.  Select  "Parametric"  in  the  Solver 
list.  Enter  lambdaO_rfweh  in  the  Parameter  name  edit  window.  Enter  linspace(0 .5, 1.5,11) 
in  the  Parameter  values  edit  window.  (For  later  versions  of  the  COMSOL 
Multiphysics  software,  enter  range(0.5,Xo,1.5)  in  the  Parameter  values  edit  window.) 
See  Figure  9.30. 

Click  OK.  Using  the  menu  bar,  select  Solve  >  Solve  Problem. 
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I  FIGURE  9.28  2D_PML_DL_1  model  subdomain  Free  Mesh  Parameters 


688 


Chapter  9    Perfectly  Matched  Layer  Models 
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I  FIGURE  9.30  2D  PML  DL  1  model  Solver  Parameters  edit  window 


Postprocessing  and  Visualization 

The  default  plot  shows  a  surface  plot  of  the  scattered  electric  field,  z-component 
(V/m).  See  Figure  9.31. 

An  alternative  approach  to  viewing  the  effect  of  the  dielectric  lens  on  the  plane 
wave  within  the  modeling  domain  is  to  suppress  the  plot  within  the  PMLs  and  visual- 
ize the  electric  field,  z-component.  Using  the  menu  bar,  select  Options  >  Suppress  > 
Suppress  Subdomains.  Select  subdomains  6,  and  8-10.  Click  the  Apply  button. 
See  Figure  9.32.  Click  OK. 

Using  the  menu  bar,  select  Postprocessing  >  Plot  Parameters  >  Surface.  Select 
"Electric  field,  z  component"  from  the  Predefined  quantities  pull-down  list.  See 
Figure  9.33. 
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I  FIGURE  9.31  2D_PML_DL_1  model  solution,  scattered  electric  field,  z-component  (V/m) 


I  FIGURE  9.32  2D_PML_DL_1  model  Suppress  Subdomains 
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I  FIGURE  9.33  2D_PML_DL_1  model  postprocessing  Plot  Parameters,  Surface  tab 


Click  OK.  See  Figure  9.34. 

Using  the  menu  bar,  select  Postprocessing  >  Plot  Parameters  >  Animate.  Verify 
that  all  the  Solutions  to  use  are  selected.  See  Figure  9.35.  Click  the  Start  Animation 
button. 

2D  Dielectric  Lens  Model,  with  PMLs:  Summary  and  Conclusions 

The  2D  dielectric  lens  model,  with  PMLs  (2D_PML_DL_1  model),  has  been  built 
and  solved.  This  model  employs  PMLs  and  a  dielectric  lens  to  explore  the  geo- 
metric behavior  of  transverse  electric  field  RF  waves  in  the  presence  of  a  focusing 
element.  It  can  easily  be  observed  by  watching  the  animation  that  the  position  and 
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I  FIGURE  9.34  2D_PML_DL_1  model  electric  field,  z-component 

intensity  of  the  electric  field,  z-component  varies  greatly  as  a  function  of  the  free 
space  wavelength. 

2D  Dielectric  Lens  Model,  without  PMLs  

The  following  numerical  solution  model  (2D_NoPML_DL_l  model)  is  derived  from 
the  immediately  preceding  model  in  this  chapter  (2D_PML_DL_1).  The  purpose  in 
building  this  model  is  to  empirically  demonstrate  the  differences  that  are  seen  when 
PMLs  are  not  employed. 

To  start  building  the  2D_NoPML_DL_l  model,  activate  the  COMSOL 
Multiphysics  software.  In  the  Model  Navigator,  select  "2D"  from  the  Space  dimension 
pull-down  list.  Select  RF  Module  >  In-Plane  Waves  >  TE  Waves  >  Scattered  harmonic 
propagation.  See  Figure  9.36.  Click  OK. 
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I  FIGURE  9.35  2D_PML_DL_1  model  Plot  Parameters,  Animate  tab 
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I  FIGURE  9.36  2D_NoPML_DLJ  Model  Navigator  setup 
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Save  As:  1 2D_NoPML_DL_l.mph 

1  a  ll.Models  1+) 

L                                                                                 .      -''-'"9  2  32  PM 

File  Format:  1  COMSOL  Multiphysics  Mo...  ^ 

(  New  Folder  )                                            (  Cancel  )    {-Save  ) 

I  FIGURE  9.37  2D_NoPML_DL_1  model  Save  As  edit  window 


note^  The  Model  Navigator  command  sequence  (In-Plane  Waves  >  TE  Waves  > 
Scattered  harmonic  propagation)  selects  a  transverse  electric  field  (z-direction)  wave 
traveling  in  the  plane  (x,  v-plane)  of  the  modeling  domain. 

Select  File  >  Save  As.  Enter  2D_NoPML_DL_l  .mph  in  the  Save  As  edit  window. 
See  Figure  9.37.  Click  the  Save  button. 

Geometry  Modeling 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Circle.  Enter  Radius  =0.5, 
Base  =  Center,  x  =  -0.5,  and  y  =  0.  See  Figure  9.38.  Click  OK. 
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(     Help     )     (    Apply    '      ■'"   Cancel   ^     C      OK  1 

I  FIGURE  9.38  2D_NoPML_DL_1  model  Circle  (C1)  edit  window 
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I  FIGURE  9.39  2D_NoPML_DL_1  model  Rectangle  (R1)  edit  window 


Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  Enter  Width  =  0.5, 
Height  =  1.0,  Base  =  Corner,  x  =  -1.0,  and  y  =  -0.5.  See  Figure  9.39.  Click  OK. 

Using  the  menu  bar,  select  Draw  >  Create  Composite  Object.  Enter  Cl-Rl  in  the 
Set  formula  edit  window.  See  Figure  9.40. 

Click  OK.  See  Figure  9.41. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Square.  Enter  Width  =  2, 
Base  =  Center,  x  =  0,  and  y  =  0.  See  Figure  9.42. 

Click  OK,  and  then  click  the  Zoom  Extents  button.  See  Figure  9.43. 

Having  established  the  geometry  for  the  2D_NoPML_DL_l  model,  the  next  step 
is  to  define  the  fundamental  Physics  properties. 
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I  FIGURE  9.40  2D_NoPML_DL_1  model  Create  Composite  Object  edit  window 
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I  FIGURE  9.41  2D_NoPML_DL_1  model  dielectric  lens  (C01) 


I  FIGURE  9.42  2D_NoPML_DL_1  model  Square  (SQ1)  edit  window 
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I  FIGURE  9.43  2D_NoPML_DL_1  model  domain 


Physics  Application  Mode  Properties:  In-Plane  TE  Waves  (rfweh) 

Select  Physics  >  Properties.  Select  "Free  space  wavelength"  from  the  Specify  wave 
using  pull-down  list.  See  Figure  9.44.  Click  OK. 
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I  FIGURE  9.44  2D_NoPML_DL_1  model  Application  Mode  Properties  edit  window 
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Application  Scalar  Variables 

Name             i  Expression             Unit  Description 

epsilonO_rfweh   8.854187817e-12     F/m  Permittivity  of  vacuum 
muu_rrv,eh        4*pi*le-7              H/m  Permeability  of  vacuum 

EOiz.rfweh        exp(-rkO_rfweh*x>   V/m  Incident  electric  field,  z  component 

p|  Synchronize  equivalent  variables 

I  FIGURE  9.45  2D_NoPML_DL_1  model  Application  Scalar  Variables  edit  window  (Iambda0_rfweh) 


Physics  Application  Scalar  Variables:  In-Plane  TE  Waves  (rfweh) 

Select  Physics  >  Scalar  Variables.  Enter  0.5  in  the  lambdaO_rfweh  edit  window.  See 
Figure  9.45.  Click  OK. 

Physics  Subdomain  Settings:  In- Plane  TE  Waves  (rfweh) 

Having  established  the  basic  Physics  settings  for  the  2D_NoPML_DL_l  model,  the 
next  step  is  to  define  the  fundamental  Physics  subdomain  settings.  Select  Physics  > 
Subdomain  Settings.  Select  subdomain  1  (the  model  domain).  Enter  er  =  1 ,  a  =  0,  and 
|jLr  =  1.  Click  the  Apply  button.  See  Figure  9.46. 
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I  FIGURE  9.46  2D_NoPML_DL_1  model  Subdomain  Settings,  subdomain  1 


698 


Chapter  9    Perfectly  Matched  Layer  Models 


Equation 


Vxtu.-'VxEp  -  (tf  -  ju/uit{))k07Ez  =  0,  if  =  n> 


Croups 


bubdomain  selection 


Croup: 


J   *  Select  by  group 
M  Active  in  this  domain 


Material  properties 
Library  material:  1 


13    (  Load.-  ) 


Unil  De«tipuun 


O  Specify  material  properties  in  terms  of  refractive  Index 


@  Specify  material  properties  in  terms  of    p,.  and  o 


Refractive  index 


|  Relative  permittivity 

~  S/m  Electric  conductivity 
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I  FIGURE  9.47  2D_NoPML_DL_1  model  Subdomain  Settings,  subdomain  2 


Select  subdomain  2  (the  dielectric  lens).  Enter  er  =  3,  cr  =  0,  and  |xr  =  1.  Click 
the  Apply  button.  See  Figure  9.47.  Click  OK. 

Physics  Boundary  Settings:  In-Plane  TE  Waves  (rfweh) 

Having  established  the  subdomain  settings  for  the  2D_NoPML_DL_l  model,  the  next 
step  is  to  define  the  fundamental  Physics  boundary  settings.  Using  the  menu  bar,  select 
Physics  >  Boundary  Settings.  Select  boundaries  1,  2,  3,  and  5  (the  outer  edges  of  the 
model  domain).  Select  "Scattering  boundary  condition"  from  the  Boundary  condition 
pull-down  list.  See  Figure  9.48.  Click  OK. 

Mesh  Generation 

Using  the  menu  bar,  select  Mesh  >  Free  Mesh  Parameters.  Click  the  Subdomain  tab. 
Select  subdomain  2  (the  dielectric  lens).  Enter  0.05  in  the  Maximum  element  size  edit 
window.  Select  "Quad"  from  the  Method  pull-down  list.  See  Figure  9.49. 

Click  the  Mesh  Selected  button.  Click  the  Select  Remaining  button.  Click  the 
Mesh  Selected  button.  Click  OK.  See  Figure  9.50. 

Solving  the  2D_NoPML_DL_l  Model 

Using  the  menu  bar,  select  Solve  >  Solver  Parameters.  Select  "Parametric"  in  the 
Solver  list.  Enter  lambdaO_rfweh  in  the  Parameter  name  edit  window.  Enter 
linspace(0.5,1.5,ll)  in  the  Parameter  values  edit  window.  (For  later  versions  of  the 
COMSOL  Multiphysics  software  enter  range(0.5,Xo,l  .5)  in  the  Parameter  values  edit  win- 
dow.) See  Figure  9.51. 
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I  FIGURE  9.48  2D_NoPML_DL_1  model  Boundary  Settings 
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I  FIGURE  9.49  2D  NoPML  DL  1  model  subdomain  Free  Mesh  Parameters 
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I  FIGURE  9.50  2D  NoPML  DL  1  model  mesh 
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I  FIGURE  9.51  2D_NoPML_DL_1  model  Solver  Parameters  edit  window 
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I  FIGURE  9.52  2D_NoPML_DL_1  model  solution,  scattered  electric  field,  z-component  (V/m) 


Click  OK.  Using  the  menu  bar,  select  Solve  >  Solve  Problem. 
Postprocessing  and  Visualization 

The  default  plot  shows  a  surface  plot  of  the  scattered  electric  field,  z-component 
(V/m).  See  Figure  9.52. 

An  alternative  approach  to  viewing  the  effect  of  the  dielectric  lens  on  the  plane 
wave  within  the  modeling  domain  is  to  view  the  electric  field,  z-component.  Using  the 
menu  bar,  select  Postprocessing  >  Plot  Parameters  >  Surface.  Select  "Electric  field,  z 
component"  from  the  Predefined  quantities  pull -down  list.  See  Figure  9.53. 
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I  FIGURE  9.53  2D_NoPML_DL_1  model  postprocessing  Plot  Parameters,  Surface  tab 


Click  OK.  See  Figure  9.54. 

Using  the  menu  bar,  select  Postprocessing  >  Plot  Parameters  >  Animate.  Verify 
that  all  the  Solutions  to  use  are  selected.  See  Figure  9.55.  Click  the  Start  Animation 
button. 

2D  Dielectric  Lens  Model,  with  and  without  PMLs: 
Summary  and  Conclusions 

The  2D  dielectric  lens  models,  with  and  without  PMLs  (2D_PML_DL_1  and 
2D_NoPML_DL_l ,  respectively)  have  been  built  and  solved.  The  best  method  of 
comparison  between  the  two  models  is  to  view  visualizations  for  the  electric  field, 
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I  FIGURE  9.54  2D_NoPML_DLJ  model  electric  field,  z-component 

z-component  for  the  same  wavelength  from  each  model  together.  Figures  9.56  through 
9.61  show  visualizations  for  0.5  m  (Figures  9.56  and  9.57),  1.0  m  (Figures  9.58  and 
9.59),  and  1.5  m  (Figures  9.60  and  9.61). 

The  differences  in  the  electric  field,  z-component  visualizations  between  the  PML 
and  no-PML  models  amount  to  approximately  2%.  Depending  on  the  nature  of  the 
problem,  such  differences  may  or  may  not  be  significant.  What  these  differences  show 
the  modeler  is  that  he  or  she  needs  to  understand  the  application  environment  well  to 
build  the  best  model.  The  PML  model  best  approximates  a  free  space  environment  (no 
reflections).  For  other  environments,  the  modeler  needs  to  determine  the  best  bound- 
ary condition  approximation  using  standard  practices  and  a  first  principles  approach. 
When  all  else  fails  (or  even  before),  do  a  first  principles  analysis  of  the  environment 
before  building  the  model. 
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I  FIGURE  9.55  2D  NoPML  DL  1  model  Plot  Parameters,  Animate  tab 


I  FIGURE  9.56  2D_PML_DL_1  model  plot  electric  field,  z-component,  0.5  m 


FIGURE  9.58  2D_PML_DL_1  model  plot  electric  field,  z-component,  1 .0  m 
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I  FIGURE  9.60  2D_PML_DLJ  model  plot  electric  field,  z-component,  1 .5  m 
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I  FIGURE  9.61  2D_NoPML_DL_1  model  plot  electric  field,  z-component,  1 .5  m 

2D  Concave  Mirror  Model,  with  PMLs  

The  following  numerical  solution  model  (2D_PML_CM_1  model)  is  derived  from  the 
preceding  dielectric  lens  model  (2D_PML_DL_1  model).  In  this  case,  however,  the 
electromagnetic  waves  interact  with  a  fixed,  curved  metallic  mirror.  The  purpose  of 
this  model  (2D_PML_CM_1)  and  the  following  model  (2D_NoPML_CM_l)  is  to 
demonstrate  empirically  the  difference  between  having  or  not  having  PMLs  at  the 
model  boundaries. 

To  start  building  the  2D_PML_CM_1  model,  activate  the  COMSOL  Multiphysics 
software.  In  the  Model  Navigator,  select  "2D"  from  the  Space  dimension  pull-down 
list.  Select  RF  Module  >  In-Plane  Waves  >  TE  Waves  >  Scattered  harmonic  propagation. 
See  Figure  9.62.  Click  OK. 

note^  The  Model  Navigator  command  sequence  (In-Plane  Waves  >  TE  Waves  > 
Scattered  harmonic  propagation)  selects  a  transverse  electric  field  (z-direction)  wave 
traveling  in  the  plane  (x,  v-plane)  of  the  modeling  domain. 

Geometry  Modeling 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  In  the  Rectangle  edit 
window,  enter  the  information  shown  in  Table  9.2.  Click  OK  after  filling  in  the  parameters 
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I  Table  9.2    Geometry  Components 
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I  FIGURE  9.62  2D_PML_CM_1  Model  Navigator  setup 
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I  FIGURE  9.63  2D_PML_CM_1  model  Rectangle  (R1 )  edit  window 
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I  FIGURE  9.64  2D_PML_CM_1  model  Rectangle  (R2)  edit  window 
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I  FIGURE  9.65  2D_PML_CMJ  model  Rectangle  (R3)  edit  window 
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I  FIGURE  9.66  2D_PML_CM_1  model  Rectangle  (R4)  edit  window 
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I  FIGURE  9.67  2D_PML_CM_1  model  PML  rectangles 


of  each  separate  rectangle  in  the  Rectangle  edit  window.  See  Figures  9.63-9.66.  Click 
the  Zoom  Extents  button  before  drawing  the  next  rectangle.  Figure  9.67  shows  the 
PML  rectangles  of  model  2D_PML_CM_1 . 

Select  File  >  Save  As.  Enter  2D_PML_CM_1  .mph  in  the  Save  As  edit  window. 
See  Figure  9.68.  Click  the  Save  button. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Ellipse.  Enter  A-semiaxes  = 
0.3,  B-semiaxes  =  0.5,  Base  =  Center,  x  =  0,  and  y  =  0.  See  Figure  9.69. 
Click  OK. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Ellipse.  Enter  A-semiaxes  = 
0.29,  B-semiaxes  =  0.49,  Base  =  Center,  x  =  0,  and  y  =  0.  See  Figure  9.70. 
Click  OK. 
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I  FIGURE  9.68  2D  PML  CM  1  model  Save  As  edit  window 
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I  FIGURE  9.69  2D_PML_CM_1  model  Ellipse  (E1)  edit  window 
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I  FIGURE  9.70  2D_PML_CM_1  model  Ellipse  (E2)  edit  window 
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I  FIGURE  9.71  2D_PML_CM_1  model  Rectangle  (R5)  edit  window 


Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  Enter  Width  = 
0.5,  Height  =  1.0,  Base  =  Corner,  x  =  -0.5,  and  y  =  -0.5.  See  Figure  9.71.  Click 
OK. 

Using  the  menu  bar,  select  Draw  >  Create  Composite  Object.  Enter  E1-E2-R5  in 
the  Set  formula  edit  window.  See  Figure  9.72. 
Click  OK.  See  Figure  9.73. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Square.  Enter  Width  =  2.0, 
Base  =  Center,  x  =  0,  and  y  =  0.  See  Figure  9.74.  Click  OK. 

Using  the  menu  bar,  select  Edit  >  Select  All.  See  Figure  9.75. 

Having  established  the  geometry  for  the  2D_PML_CM_1  model,  the  next  step  is 
to  define  the  fundamental  Physics  properties. 
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I  FIGURE  9.72  2D_PML_CM_1  model  Create  Composite  Object  edit  window 
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I  FIGURE  9.73  2D_PML_CM_1  model  concave  mirror  (C01) 
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I  FIGURE  9.74  2D_PML_CM_1  model  Square  (SQ1)  edit  window 
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I  FIGURE  9.75  2D_PML_CM_1  model  domain  plus  PMLs 


Physics  Application  Mode  Properties:  In-Plane  TE  Waves  (rfweh) 

Select  Physics  >  Properties.  Select  "Free  space  wavelength"  from  the  Specify  wave 
using  pull-down  list.  See  Figure  9.76.  Click  OK. 

Physics  Application  Scalar  Variables:  In-Plane  TE  Waves  (rfweh) 

Select  Physics  >  Scalar  Variables.  Enter  0.5  in  the  lambdaO_rfweh  edit  window.  See 
Figure  9.77.  Click  OK. 

Physics  Subdomain  Settings:  In-Plane  TE  Waves  (rfweh) 

Having  established  the  basic  Physics  settings  for  the  2D_PML_CM_1  model,  the  next 
step  is  to  define  the  fundamental  Physics  subdomain  settings.  Select  Physics  > 
Subdomain  Settings.  Click  the  PML  tab.  Select  subdomains  1-4,  6,  and  8-10  (the 
PMLs).  Select  "Cartesian"  from  the  Type  of  PML  pull-down  list.  Click  the  Apply  button. 
See  Figure  9.78. 
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I  FIGURE  9.76  2D_PML_CM_1  model  Application  Mode  Properties  edit  window 


M  Synchronize  equivalent  variables 

(     H«'P     )     (    Apply    )     (   C»n»'    )     (      OK  ) 


I  FIGURE  9.77  2D_PML_CMJ  model  Application  Scalar  Variables  (Iambda0_rfweh)  edit  window 
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I  FIGURE  9.78  2D_PML_CM_1  model  Subdomain  Settings,  PML  type  selection 
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I  FIGURE  9.79  2D_PML_CM_1  model  Subdomain  Settings,  x  absorption 


Select  subdomains  1-3,  and  8-10  (the  vertical  PMLs).  Check  the  Absorbing  in  x 
direction  check  box.  Click  the  Apply  button.  See  Figure  9.79. 

Select  subdomains  1,  3,  4,  6,  8,  and  10  (the  horizontal  PMLs).  Check  the 
Absorbing  in  y  direction  check  box.  Click  the  Apply  button.  See  Figure  9.80. 
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I  FIGURE  9.80  2D_PML_CM_1  model  Subdomain  Settings,  /absorption 
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I  FIGURE  9.81  2D_PML_CM_1  model  Subdomain  Settings,  Physics  tab,  subdomain  5 


Click  the  Physics  tab.  Select  subdomain  5  (the  model  domain).  Enter  er  =  1,  ct  =  0, 
and  (xr  =  1 .  Click  the  Apply  button.  See  Figure  9.81 . 

Select  subdomain  7  (the  concave  mirror).  Click  the  Load  button.  Select  Basic 
Material  Properties  >  Copper.  See  Figure  9.82.  Click  OK. 
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I  FIGURE  9.82  2D_PML_CM_1  model  Materials/Coefficients  Library,  copper 


718 


Chapter  9    Perfectly  Matched  Layer  Models 


I  FIGURE  9.83  2D_PML_CM_1  model  Subdomain  Settings,  Physics  tab,  subdomain  7 

See  Figure  9.83.  Click  OK. 
Physics  Boundary  Settings:  In-Plane  TE  Waves  (rfweh) 

Having  established  the  subdomain  settings  for  the  2D_PML_CM_1  model,  the  next 
step  is  to  define  the  fundamental  Physics  boundary  settings.  Using  the  menu  bar,  select 
Physics  >  Boundary  Settings.  Select  boundary  1.  Check  the  Select  by  Group  check 
box  to  select  the  outer  edge  of  the  PMLs  (boundaries).  Select  "Scattering  boundary 
condition"  from  the  Boundary  condition  pull-down  list.  See  Figure  9.84.  Click  OK. 

Mesh  Generation 

Using  the  menu  bar,  select  Mesh  >  Free  Mesh  Parameters.  Click  the  Subdomain  tab. 
Select  subdomain  7  (the  concave  mirror).  Enter  0.05  in  the  Maximum  element  size 
edit  window.  Select  "Quad"  from  the  Method  pull-down  list.  See  Figure  9.85. 

Click  the  Mesh  Selected  button.  Click  the  Select  Remaining  button.  Click  the 
Mesh  Selected  button.  Click  OK.  See  Figure  9.86. 

Solving  the  2D_PML_CM_1  Model 

Using  the  menu  bar,  select  Solve  >  Solver  Parameters.  Select  "Parametric"  in  the  Solver 
list.  Enter  lambdaO_rfweh  in  the  Parameter  name  edit  window.  Enter  linspace(0 .5,1 .5,11) 
in  the  Parameter  values  edit  window.  (For  later  versions  of  the  COMSOL  Multiphysics 
software  enter  range(0 .5,1/10, 1.5)  in  the  Parameter  values  edit  window.)  See  Figure  9.87. 
Click  OK.  Using  the  menu  bar,  select  Solve  >  Solve  Problem. 


PML  Models 


719 


I  FIGURE  9.84  2D_PML_CMJ  model  Boundary  Settings 
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I  FIGURE  9.85  2D  PML  CM  1  model  subdomain  Free  Mesh  Parameters 
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I  FIGURE  9.86  2D_PML_CM_1  model  mesh 
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Postprocessing  and  Visualization 

The  default  plot  shows  a  surface  plot  of  the  scattered  electric  field,  z-component 
(V/m).  See  Figure  9.88. 

An  alternative  approach  to  viewing  the  effect  of  the  dielectric  lens  on  the  plane 
wave  within  the  modeling  domain  is  to  suppress  the  plot  within  the  PMLs  and  visual- 
ize the  electric  field,  z-component.  Using  the  menu  bar,  select  Options  >  Suppress  > 
Suppress  Subdomains.  Select  subdomains  1-4,  6,  and  8-10  (the  PMLs).  Click  the 
Apply  button.  See  Figure  9.89.  Click  OK. 

Using  the  menu  bar,  select  Postprocessing  >  Plot  Parameters  >  Surface.  Select 
"Electric  field,  z  component"  from  the  Predefined  quantities  pull-down  list.  See 
Figure  9.90. 
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I  FIGURE  9.89  2D_PML_CM_1  model  Suppress  Subdomains 


I  FIGURE  9.90  2D_PML_CM_1  model  Plot  Parameters,  Surface  tab 
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I  FIGURE  9.91  2D_PML_CM_1  model  electric  field,  z-component 
Click  OK.  See  Figure  9.91. 

Using  the  menu  bar,  select  Postprocessing  >  Plot  Parameters  >  Animate.  Verify 
that  all  the  Solutions  to  use  are  selected.  See  Figure  9.92.  Click  the  Start  Animation 
button. 

2D  Concave  Mirror  Model,  with  PMLs:  Summary  and  Conclusions 

The  2D  concave  mirror  model,  with  PMLs  (2D_PML_CM_1),  has  been  built  and 
solved.  This  model  employs  PMLs  and  a  concave  mirror  to  explore  the  geometric 
behavior  of  transverse  electric  field  RF  waves  in  the  presence  of  a  metallic  focusing 
element  (concave  mirror).  It  can  easily  be  observed  by  watching  the  animation  that  the 
position  and  intensity  of  the  electric  field,  z-component  varies  greatly  as  a  function  of 
the  free  space  wavelength. 
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I  FIGURE  9.92  2D_PML_CM_1  model  Plot  Parameters,  Animate  tab 

2D  Concave  Mirror  Model,  without  PMLs  

The  following  numerical  solution  model  (2D_NoPML_CM_l  model)  is  derived 
from  the  preceding  concave  mirror  model  (2D_PML_CM_1  model).  In  this  case, 
however,  the  electromagnetic  waves  interact  with  a  fixed,  curved  metallic  mirror 
without  PMLs  at  the  boundaries  of  the  modeling  domain.  The  purpose  of  this  model 
(2D_NoPML_CM_l)  is  to  demonstrate  empirically  the  difference  between  having 
or  not  having  PMLs  at  the  model  boundaries . 

To  start  building  the  2D_NoPML_CM_l  model,  activate  the  COMSOL 
Multiphysics  software.  In  the  Model  Navigator,  select  "2D"  from  the  Space  dimension 
pull-down  list.  Select  RF  Module  >  In-Plane  Waves  >  TE  Waves  >  Scattered  harmon- 
ic propagation.  See  Figure  9.93.  Click  OK. 
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I  FIGURE  9.93  2D_NoPML_CM_1  Model  Navigator  setup 


note^  The  Model  Navigator  command  sequence  (In-Plane  Waves  >  TE  Waves  > 
Scattered  harmonic  propagation)  selects  a  transverse  electric  field  (z-direction)  wave 
traveling  in  the  plane  (x,  y-plane)  of  the  modeling  domain. 

Select  File  >  Save  As.  Enter  2D_NoPML_CM_l  .mph  in  the  Save  As  edit  window. 
See  Figure  9.94.  Click  the  Save  button. 

Geometry  Modeling 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Ellipse.  Enter  A-semiaxes  =  0.3, 
B-semiaxes  =  0.5,  Base  =  Center,  x  =  0,  and  y  =  0.  See  Figure  9.95.  Click  OK. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Ellipse.  Enter  A-semiaxes  = 
0.29,  B-semiaxes  =  0.49,  Base  =  Center,  x  =  0,  and  y  =  0.  See  Figure  9.96. 
Click  OK. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  Enter  Width  = 
0.5,  Height  =  1.0,  Base  =  Corner,  x  =  -0.5,  and  y  =  -0.5.  See  Figure  9.97. 
Click  OK. 

Using  the  menu  bar,  select  Draw  >  Create  Composite  Object.  Enter  E1-E2-R1  in 
the  Set  formula  edit  window.  See  Figure  9.98. 
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I  FIGURE  9.94  2D_NoPML_CM_1  model  Save  As  edit  window 
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I  FIGURE9.95  2D_NoPML_CM_1  model  Ellipse  (E1)  edit  window 
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I  FIGURE  9.96  2D_NoPML_CM_1  model  Ellipse  (E2)  edit  window 
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I  FIGURE  9.97  2D_NoPML_CM_1  model  Rectangle  (R1)  edit  window 


Click  OK.  See  Figure  9.99. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Square.  Enter  Width  =  2.0, 
Base  =  Center,  x  =  0,  and  y  =  0.  See  Figure  9.100. 

Click  OK,  and  then  click  the  Zoom  Extents  button.  See  Figure  9.101 . 

Having  established  the  geometry  for  the  2D_NoPML_CM_l  model,  the  next  step 
is  to  define  the  fundamental  Physics  properties. 

Physics  Application  Mode  Properties:  In-Plane  TE  Waves  (rfweh) 

Select  Physics  >  Properties.  Select  "Free  space  wavelength"  from  the  Specify  wave 
using  pull-down  list.  See  Figure  9.102.  Click  OK. 
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I  FIGURE  9.98  2D_NoPML_CM_1  model  Create  Composite  Object  edit  window 
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I  FIGURE  9.99  2D_NoPML_CMJ  model  concave  mirror  (C01) 
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I  FIGURE  9.100  2D_NoPML_CM_1  model  Square  (SQ1)  edit  window 
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I  FIGURE  9.102  2D_NoPML_CM_1  model  Application  Mode  Properties  edit  window 
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Name  (Expression 

Unit 

Description 

epsilonO.rfweh  8.854187817e-12 

f/m 

PermittivitY  of  vacuum 

muO_rfweh  4*pi*le-7 
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lambdaO.rfweh  [u  5                      |m      Free  space  wavelength 

EOiz.rfweh  exp(-j'kO_rfvreh*x> 



fsTf  Synchronize  equivalent  variables 

C^D  C^D  GE«D 


I  FIGURE  9.103  2D_NoPML_CM_1  model  Application  Scalar  Variables  (Iambda0_rfweh)  edit  window 


Physics  Application  Scalar  Variables:  In-Plane  TE  Waves  (rfweh) 

Select  Physics  >  Scalar  Variables.  Enter  0.5  in  the  lambdaO_rfweh  edit  window.  See 
Figure  9.103.  Click  OK. 

Physics  Subdomain  Settings:  In-Plane  TE  Waves  (rfweh) 

Having  established  the  basic  Physics  settings  for  the  2D_NoPML_CM_l  model,  the 
next  step  is  to  define  the  fundamental  Physics  subdomain  settings.  Select  Physics  > 
Subdomain  Settings.  Click  the  Physics  tab.  Select  subdomain  1  (the  model  domain). 
Enter  er  =  1,  a  =  0,  and  |JLr  =  1.  Click  the  Apply  button.  See  Figure  9.104. 


I  FIGURE  9.104  2D_NoPML_CM_1  model  Subdomain  Settings,  Physics  tab,  subdomain  1 
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I  FIGURE  9.105  2D_NoPML_CM_1  model  Materials/Coefficients  Library,  copper 


Select  subdomain  2  (the  concave  mirror).  Click  the  Load  button.  Select  Basic 
Material  Properties  >  Copper.  See  Figure  9.105.  Click  OK. 
See  Figure  9.106.  Click  OK. 
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I  FIGURE  9.106  2D_NoPML_CM_1  model  Subdomain  Settings,  Physics  tab,  subdomain  2 
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I  FIGURE  9.107  2D_NoPML_CM_1  model  Boundary  Settings 


Physics  Boundary  Settings:  In-Plane  TE  Waves  (rfweh) 

Having  established  the  subdomain  settings  for  the  2D_PML_CM_1  model,  the  next 
step  is  to  define  the  fundamental  Physics  boundary  settings.  Using  the  menu  bar,  select 
Physics  >  Boundary  Settings.  Select  boundaries  1,  2,  3,  and  6  (the  outer  edges  of  the 
model  domain).  Select  "Scattering  boundary  condition"  from  the  Boundary  condition 
pull-down  list.  See  Figure  9.107.  Click  OK. 

Mesh  Generation 

Using  the  menu  bar,  select  Mesh  >  Free  Mesh  Parameters.  Click  the  Subdomain  tab. 
Select  subdomain  2  (the  concave  mirror).  Enter  0.05  in  the  Maximum  element  size 
edit  window.  Select  "Quad"  from  the  Method  pull-down  list.  See  Figure  9.108. 

Click  the  Mesh  Selected  button.  Click  the  Select  Remaining  button.  Click  the 
Mesh  Selected  button.  Click  OK.  See  Figure  9.109. 

Solving  the  2D_NoPML_CM_l  Model 

Using  the  menu  bar,  select  Solve  >  Solver  Parameters.  Select  "Parametric"  in  the 
Solver  list.  Enter  lambda0_rfweh  in  the  Parameter  name  edit  window.  Enter 
linspace(0.5, 1.5,11)  in  the  Parameter  values  edit  window.  (For  later  versions  of  the 
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I  FIGURE  9.108  2D  NoPML  CM  1  model  subdomain  Free  Mesh  Parameters 
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I  FIGURE  9.110  2D  NoPML  CM  1  model  Solver  Parameters 


COMSOL  Multiphysics  software  enter  range(0.5,Ko,1.5)  in  the  Parameter  values  edit 
window.)  See  Figure  9.110. 

Click  OK.  Using  the  menu  bar,  select  Solve  >  Solve  Problem. 

Postprocessing  and  Visualization 

The  default  plot  shows  a  surface  plot  of  the  scattered  electric  field,  z-component 
(V/m).  See  Figure  9.111. 

An  alternative  approach  to  viewing  the  effect  of  the  dielectric  lens  on  the  plane 
wave  within  the  modeling  domain  is  to  visualize  the  electric  field,  z-component. 
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I  FIGURE  9.111  2D_NoPML_CM_1  model  solution,  scattered  electric  field,  z-component  (V/m) 


Using  the  menu  bar,  select  Postprocessing  >  Plot  Parameters  >  Surface.  Select 
"Electric  field,  z  component"  from  the  Predefined  quantities  pull-down  list.  See 
Figure  9.112. 

Click  OK.  See  Figure  9.113. 

Using  the  menu  bar,  select  Postprocessing  >  Plot  Parameters  >  Animate.  Verify 
that  all  the  Solutions  to  use  are  selected.  See  Figure  9.114.  Click  the  Start  Animation 
button. 
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I  FIGURE  9.112  2D_NoPML_CM_1  model  Plot  Parameters,  Surface  tab 


2D  Concave  Mirror  Model,  with  and  without  PMLs: 
Summary  and  Conclusions 

The  2D  concave  mirror  models,  with  and  without  PMLs  (2D_PML_CM_1  and 
2D_NoPML_CM_l ,  respectively),  have  been  built  and  solved.  The  best  method  of 
comparison  between  the  two  models  is  to  view  visualizations  for  the  electric  field, 
z-component  for  the  same  wavelength  from  each  model  together.  Figures  9.115 
through  9.120  show  visualizations  for  0.5  m  (Figures  9.115  and  9.116),  1 .0  m  (Figures 
9.117  and  9.118),  and  1.5  m  (Figures  9.119  and  9.120). 

In  comparison  to  the  dielectric  lens  models  presented  in  the  first  half  of  this 
chapter,  it  is  apparent  that  there  are  also  only  small  differences  in  the  electric  field, 
z-component  visualizations  between  the  PML  and  no-PML  models  for  the  concave 
mirror.  This  lack  of  large  differences  between  the  PML  and  no-PML  models  shows 
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I  FIGURE  9.113  2D_NoPML_CM_1  model  electric  field,  z-component 


the  modeler  that  he  or  she  needs  to  understand  the  relative  importance  of  the  mod- 
eled values  needed  to  evaluate  the  application  and  the  application  environment  so  as 
to  build  the  best  model.  The  PML  model  best  approximates  a  free  space  environment 
(no  reflections).  For  other  environments,  the  modeler  needs  to  determine  the  best 
boundary  condition  approximation  using  standard  practices  and  a  first  principles 
approach.  When  all  else  fails  (or  even  before),  do  a  first  principles  analysis  of  the 
environment  before  building  the  model. 


note^  Why  do  the  solutions  of  the  two  dielectric  lens  models  differ  significantly  and 
the  solutions  of  the  two  concave  mirror  models  converge  to  similar  solutions?  Consider 
the  fact  that  a  lossless  dielectric  is  electromagnetically  transparent  and  a  metal  mirror 
(e.g.,  copper)  is  electromagnetically  opaque.  Then  a  first  principles  analysis  should 
answer  the  question. 
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Streamline 


Particle  Tracing 


Max/Min 


Deform 


Movie  settings 
File  type: 
Width  (in  pixels): 
Height  (in  pixels): 


Frames  per  second:  10 

(  Advanced...  ^ 


Static  /  Eigenfunction  animation 

Cycle  type  1   Full  harmonic  kfrj 


Number  of  frames:  11 


□  Reverse  direction 

fj  Use  camera  settings  from  main  window 


Solutions  to  use 

Select  via: 


Times: 


I  FIGURE  9.114  2D_NoPML_CM_1  model  Plot  Parameters,  Animate  tab 
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I  FIGURE  9.115  2D_PML_CM_1  model  plot  electric  field,  z-component,  0.5  m 
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I  FIGURE  9.118  2D_NoPML_CM_1  model  plot  electric  field,  z-component,  1.0  m 
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I  FIGURE  9.120  2D_NoPML_CM_1  model  plot  electric  field,  z-component,  1 .5  m 
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■  Exercises 

1.  Build,  mesh,  and  solve  the  2D  dielectric  lens  model,  with  PMLs,  problem 
presented  in  this  chapter. 

2.  Build,  mesh,  and  solve  the  2D  dielectric  lens  model,  without  PMLs,  problem 
presented  in  this  chapter. 

3.  Build,  mesh,  and  solve  the  2D  concave  mirror  model,  with  PMLs ,  problem  pre- 
sented in  this  chapter. 

4.  Build,  mesh,  and  solve  the  2D  concave  mirror  model,  without  PMLs,  problem 
presented  in  this  chapter. 

5.  Explore  other  materials  as  applied  in  the  2D  dielectric  lens  model,  with  PMLs. 

6.  Explore  other  materials  as  applied  in  the  2D  dielectric  lens  model,  without  PMLs. 

7.  Explore  other  materials  as  applied  in  the  2D  concave  mirror  model,  with  PMLs. 

8.  Explore  other  materials  as  applied  in  the  2D  concave  mirror  model,  without  PMLs. 

9.  Explore  the  different  geometries  in  the  2D  dielectric  lens  model,  with  PMLs. 
10.  Explore  the  different  geometries  in  the  2D  concave  mirror  model,  with  PMLs. 
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In  This  Chapter 

Bioheat  Modeling  Guidelines  and  Coordinate  Considerations 

Bioheat  Equation  Theory 
Tumor  Laser  Irradiation  Theory 

2D  Axisymmetric  Tumor  Laser  Irradiation  Model 

2D  Axisymmetric  Tumor  Laser  Irradiation  Model:  Summary  and  Conclusions 
Microwave  Cancer  Therapy  Theory 

2D  Axisymmetric  Microwave  Cancer  Therapy  Model 

2D  Axisymmetric  Microwave  Cancer  Therapy  Model:  Summary  and  Conclusions 


■  Bioheat  Modeling  Guidelines  and  Coordinate  Considerations 
Bioheat  Equation  Theory 

For  the  new  modeler  or  those  readers  unfamiliar  with  this  topic,  bioheat  modeling  is  the 
development  of  models  for  the  analysis  of  heat  transfer  in  materials  (e.g.,  tissues,  fluids) 
and  systems  derived  from  or  related  to  currently  or  previously  living  organisms.  The 
solution  of  the  bioheat  equation  as  applied  to  particular  models  is  most  important,  obvi- 
ously, when  those  models  are  developed  to  explore  potential  techniques  for  critical 
therapeutic  applications  (e.g.,  destroying  cancer  cells,  killing  tumors). 

In  August  1948,  Harry  H.  Pennes  published  his  landmark  paper  "Analysis  of 
Tissue  and  Arterial  Blood  Temperatures  in  the  Resting  Human  Forearm."1  In  that 
paper,  he  proposed  that  heat  flow  is  proportional  to  the  difference  in  temperature 
between  the  arterial  blood  and  the  local  tissue.  Pennes 's  work  is  considered  funda- 
mental in  this  area  of  study  and  has  since  been  cited  extensively.2 

In  the  COMSOL®  Multiphysics®  software,  the  bioheat  equation  (Pennes  equation) 
takes  the  form  of  an  application  mode  within  the  Heat  Transfer  Module.  In  the  Bioheat 
Equation  Application  Mode,  the  bioheat  equation  is  formulated  as  follows: 

dT 

8tspC—  +  V  •  (-tVT)  =  pbCh(ob(Tb  -T)  +  gmet  +  gex,  (10.1) 
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where          Sts  =  time-scaling  coefficient  (default  value  =  1;  dimensionless) 
p  =  tissue  density  (kg/m3) 
C  =  tissue  heat  capacity  [J/(kg  ■  K)] 
T  =  temperature  (K) 
it  =  tissue  thermal  conductivity  tensor  [W/(m  ■  K)] 
pb  =  blood  density  (kg/m3) 
Cb  =  blood  heat  capacity  [J/(kg  K)] 
cob  =  blood  perfusion  rate  [m3/(m3-s)] 
Tb  =  temperature,  arterial  blood  (K) 
<2met  =  metabolic  heat  source  (W/m3) 
Gext  =  external  environmental  heat  source  (W/m3) 


note^  The  perfusion3  rate  is  the  rate  at  which  a  fluid  (e.g.,  blood)  flows  through  a 
type  of  tissue  (e.g.,  muscle,  heart,  liver).  It  is,  of  course,  very  important  to  know  the 
correct  perfusion  value  for  the  tissue/fluid  type  in  question. 

Even  though  equation  10.1  is  shown  as  formulated  for  blood  flow,  it  can  be  equally 
well  employed  for  other  fluids  or  fluid  compositions  under  the  appropriate 
circumstances  (e.g.,  artificial  blood,  different  animal-life  fluids).  When  employing 
variations  of  the  formulation  of  the  bioheat  equation,  modelers  need  to  carefully  verify 
the  underlying  assumptions  employed  in  their  particular  model. 

The  bioheat  equation  is  similar  to  the  conduction  heat  equation.  In  the  case  of 
steady-state  heat  flow,  the  first  term  on  the  left  vanishes: 

StsPC^  =  0  (10.2) 
at 

In  the  bioheat  equation,  what  would  normally  be  the  single  heat  source  term  on 
the  left  side  of  the  heat  conduction  equation  (Q)  is  now  separated  into  three  terms. 

The  perfusion  term:  pbCbcob(Tb— T)  (10.3) 

The  metabolic  term:  Qmet  (10.4) 

The  external  source  term:       gext  (10.5) 


note^  The  division  of  the  normally  single  heat  source  term  in  the  bioheat  equation 
into  three  terms  is  done  to  facilitate  a  conceptual  linkage  and  to  ease  the  formulation  of 
the  PDE  when  creating  models  for  this  type  of  problem  (biological). 

The  bioheat  equation,  as  constructed  by  Pennes,  constitutes  a  good  first-order 
approximation  to  the  physical  processes  (thermal  conduction)  involved  in  the  solution 
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of  the  heat  transfer  problem  for  biological  specimens.  This  formulation  is  typically 
adequate  for  the  modeling  of  most  biological  problems.  More  terms  can,  of  course,  be 
added  if  perceived  as  necessary,  albeit  at  the  risk  of  increased  complexity,  associated 
model  size,  and  computational  time. 

However,  because  the  bioheat  equation  already  serves  the  needed  level  of  accuracy 
for  a  typical  decision  point,  little  additional  beneficial  knowledge  will  be  gained  from 
the  addition  of  second-order  effects  to  the  equation,  considering  the  intrinsic 
fundamental  limits  of  most  biological  system  model  problems. 


■  Tumor  Laser  Irradiation  Theory 

The  optical  coefficient  of  absorption  for  laser  photons  (irradiation)  of  tumors  does  not 
generally  differ  significantly  from  the  optical  coefficient  of  absorption  for  the  sur- 
rounding tissue.  To  develop  this  laser  irradiation  therapeutic  methodology,  it  is  neces- 
sary to  raise  the  local  absorption  coefficient  by  artificial  means.  The  change  in 
absorption  coefficient  is  accomplished  by  injection  into  the  tumor  of  a  designed  high- 
absorption  material.4  This  type  of  procedure  is  usually  designated  as  a  minimally  inva- 
sive procedure. 

The  laser  beam  energy  contributes  a  heat  source  to  the  bioheat  equation  as  follows: 

r2 

fiaser  =  I0aeaz-—  (10.6) 

where       I0  =  irradiation  intensity  (W/m2) 
a  =  absorptivity  (1/m) 
a  =  irradiated  region  width  parameter  (m) 

2D  Axisymmetric  Tumor  Laser  Irradiation  Model 

The  following  numerical  solution  model  (2D_Bio_TLI_l  model)  is  derived  from  a 
model  that  was  originally  developed  by  COMSOL  as  a  Heat  Transfer  Module  tutorial 
model  for  the  demonstration  of  the  solution  of  a  bioheat  equation  model.  That  model 
was  developed  for  distribution  with  the  Heat  Transfer  Module  software  as  part  of  the 
COMSOL  Heat  Transfer  Module  Model  Library. 

note'^  The  bioheat  equation  is  a  valuable  approach  for  calculating  the  efficacy  of 
potential  treatment  methodologies.  The  guiding  principle  needs  to  be  that  tumor  cells 
die  at  elevated  temperatures.  The  literature  cites  temperatures  that  range  from  42  °C 
(315.15  K)5  to  60  °C  (333.15  K).6  If  the  postulated  method  raises  the  local  temperature 
of  the  tumor  cells,  without  excessively  raising  the  temperature  of  the  normal  cells,  then 
the  proposed  method  will  probably  be  successful. 
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Laser  Beam 


Tissue 


Tumor 


2D  Axisymmetric  Axis 
I  FIGURE  10.1  2D_Bio_TLI_1  model  modeling  domain  overview 


This  first  model  takes  advantage  of  the  transparency  of  human  tissue  in  certain 
infrared  (IR)  wavelengths.7  Figure  10.1  shows  the  structure  of  the  modeling  domain. 
Because  the  model  is  created  as  a  2D  axisymmetric  model,  only  the  right  half  of  the 
structure  will  be  used  in  the  calculations. 

To  start  building  the  2D_Bio_TLI_l  model,  activate  the  COMSOL  Multiphysics 
software.  In  the  Model  Navigator,  select  "Axial  symmetry  (2D)"  from  the  Space 
dimension  pull-down  list.  Select  Heat  Transfer  Module  >  Bioheat  Equation  >  Transient 
analysis.  See  Figure  10.2.  Click  OK. 

Constants 

Using  the  menu  bar,  select  Options  >  Constants.  In  the  Constants  edit  window,  enter 
the  information  shown  in  Table  10.1;  see  also  Figure  10.3.  Click  OK. 

Geometry  Modeling 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  In  the  Rectangle  edit 
window,  enter  the  information  shown  in  Table  10.2.  Click  OK  after  filling  in  the  param- 
eters of  each  separate  rectangle  in  the  Rectangle  edit  window.  See  Figures  10.4  and  10.5. 


Tumor  Laser  Irradiation  Theory 


751 


!>pace  dimension: 


J  Application  Modes 

►  B  COMSOL  Multiplies 

►  LJ  AC/DC  Module 
▼  ^  Hf>at  Transfer  Module 

►  Pi  Cenecal  Heat  Transfer 
T  Qj  8*o  heat  Equation 

_  Steady-state  analysis 

DC 

»  □  Weakly  Compress.bleNavwr-itokes 
*        ■  »  Turbulence  Model 

►  fj  k-w  Turbulence  Model 

►  EleiUu-ThciiiuI  Intel aUiun 

►  lj  Huid- 1  hernial  Interaction 


Dependent  variables: 
Application  mod*  name  htbh 


(    Hip    )    (  rjnrrt  ) 


I  FIGURE  10.2  2D_Bio_TLI_1  Model  Navigator  setup 
I  Table  10.1     Constants  Edit  Window 


Name 

Expression 

rho_blood 

1000[kg/mA3] 

Density  blood 

C_blood 

4200[J/(kg*K)] 

Heat  capacity  blood 

T_blood 

37[degC] 

Temperature  blood 

k_skin 

0.2[W/(m*K)] 

Thermal  conductivity  skin 

rho_skin 

1200[kg/mA3] 

Density  skin 

C_skin 

3600[J/(kg*K)] 

Heat  capacity  skin 

wb_skin 

3e-3[1/s] 

Blood  perfusion  rate  skin 

k_tissue 

0.5[W/(m*K)] 

Thermal  conductivity  tissue 

rho_tissue 

1050[kg/mA3] 

Density  tissue 

C_tissue 

3600[J/(kg*K)] 

Heat  capacity  tissue 

wb_tissue 

6e-3[1/s] 

Blood  perfusion  rate  tissue 

k_tumor 

0.5[W/(m*K)| 

Thermal  conductivity  tumor 

rho_tumor 

1050[kg/mA3] 

Density  tumor 

C_tumor 

3600[J/(kg*K)] 

Heat  capacity  tumor 

wb_tumor 

6e-3[1/s] 

Blood  perfusion  rate  tumor 

Q_met 

400[W/mA3] 

Metabolic  heat  generation 

TO 

37[degC] 

Temperature  reference  blood 

h_conv 

10[W/(mA2*K)] 

Heat  transfer  coefficient  skin 

T_inf 

10[degC] 

Temperature  domain  boundary 

10 

1 .4[W/mmA2] 

Laser  irradiation  power 

sigma 

5[mm] 

Laser  beam  width  coefficient 

752  Chapter  10    Bioheat  Models 


e  -  o 

Con  stents 

Name 
rho.blood 

Expression 
1000[kg/m*3| 

Value                |  Description 
1000[kg/m'|        Density  blood 

C.blood 

4200U/(kg*KI] 

4200U/(kg  K))      Heat  capacity  blood 

TJnlood 

37|degC 

310.1S[K)           Temperature  blood 

k_skin 

0.2[W/(m'K>] 

0.2[W/(m  K»        Thermal  conductivity  skin 

rho_skin  1200(kg/m«3] 

1200[kg/m3]        Density  skin 

C.skin  3600U/(kg*Kll 

3600u7(kg  K)]      Heat  capacity  skin 

wb.skin  3e-3[l/s] 

0.003[l/s]           Blood  perfusion  rate  skin 

k.tissue  0.5|W/(m*K)l 

0.5[W/(m  K)]        Thermal  conductivity  tissue 

rho_tissue  1050[kg/mA3] 

1050[kg/m3l        Density  tissue 

C.tissue  3600U/lkg*K)] 

3600U/(kg  K)l      Heat  capacity  tissue 

wb_tissue  6e-3[l/sl 

0.006[l/s]           Blood  perfusion  rate  tissue 

Mumor  0.5[W/(m*K)l 

0.5[W/(m  10]        Thermal  conductivity  tumor 

rho_tumor 

1050[kg/mA3] 

1050[kg/mJ]        Density  tumor 

C_tumor 

3600U/(kg*K)] 

3600L)/(kg  K)l      Heat  capacity  tumor 

wb_tumor 

6e-3[l/s| 

0.006[l/s]           Blood  perfusion  rate  tumor 

Q_met 

400[W/m*3] 

400[W/m3]           Metabolic  heat  generation 

TO 

37|degC 

310.15[K]           Temperature  reference  blood 

h_conv 

10[W/(m"2»K)l 

10[W/(m2  K))       Heat  transfer  coefficient  skin 

TJnf 

10|degC 

283.15[K]           Temperature  domain  boundary 

10 

1.4[W/mm*2| 

1.4e6[W/m2)        Laser  irradiation  power 

sigma 

5[mm| 

0.005[m]             Laser  beam  width  coefficient  a 

ft" 

e;  y 

Help    )    (   Apply  )    (  Cancel  )    fr-  OK  > 

I  FIGURE  10.3  2D_Bio_TLI_1  model  Constants  (R1)  edit  window 


Table  10.2     Geometry  Components 


Height 

Base 

r 

z 

Figure  Number 

R1 

0.1 

0.09 

Corner 

-0.05 

-0.1 

10.4 

R2 

0.1 

0.01 

Corner 

-0.05 

-0.01 

10.5 

Width:  0.1 


Height:  0.09 


Base:      f  Corner 


Oil 


Rotation  angle 

a:  ~0 


(degreesl 


Style: 


I  FIGURE  10.4  2D_Bio_TLI_1  model  Rectangle  (R1 )  edit  window 
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Base:      f  Comtr 


Rotation  angle 


a 


Stvle:    '  Solid 


I  FIGURE  10.5  2D_Bio_TUJ  model  Rectangle  (R2)  edit  window 
Click  the  Zoom  Extents  button.  See  Figure  10.6. 

Select  File  >  Save  As .  Enter  2D_Bio_TLI_l  .mph  in  the  Save  As  edit  window.  See 
Figure  10.7.  Click  the  Save  button. 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Circle.  Enter  Radius  =  0.005, 
Base  =  Center,  r  =  0,  and  z  =  -0.05.  See  Figure  10.8.  Click  OK. 


I  FIGURE  10.6  2D_Bio_TLI_1  model  rectangles  (R1,  R2) 
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Save  As:  [2D_Bio_TLI_l.mph 

[  i-J  12_Models                          C  1 

Name                                                Date  Modified 

U  LI_BioHeat_l.mph                              Monday.  May  4,  2009  1  50  PM 
□  U_BioHeat_la.mph                            Monday,  May  4,  2009  1  50  PM 
[Si  LI_BioHeat_Constants_l.txt                   Monday,  May  4.  2009  10  58  AM 
12)  U_BioHeat_5V_l.txt                            Monday,  May  4,  2009  11  26  AM 
0  MCT_BioHeat_la.mph                         Monday,  May  4.  2009  5  44  PM 
12)  MCT_BioHeat_la.txt                           Monday.  May  4.  2009  4  51  PM 

File  Format:  \  COMSOL  Multiphysics  Mo...  -4+ 

(  New  Folder  )                                                (  Cancel  )    (  Save  ) 

I  FIGURE  10.7  2D_Bio_TLI_1  model  Save  As  edit  window 


Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  Enter  Width  = 
0.05,  Height  =  0.1,  Base  =  Corner,  r  =  -0.05,  and  z  =  -0.1.  See  Figure  10.9. 
Click  OK. 

Using  the  menu  bar,  select  Draw  >  Create  Composite  Object.  Enter 
Rl  +R2+C1-R3  in  the  Set  formula  edit  window.  Check  the  Keep  interior  boundaries 
check  box.  See  Figure  10.10. 


I  FIGURE  10.8  2D_Bio_TLL1  model  Circle  (C1 )  edit  window 
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Width:  0.05 


Height:  0.1 


Base:  Corner 


Oil 


Rotation  angle 


(degrees) 


Style:    '  Solid 


I  FIGURE  10.9  2D_Bio_TLI_1  model  Rectangle  (R3)  edit  window 


Click  OK.  See  Figure  10.11. 

Having  established  the  geometry  for  the  2D_Bio_TLI_l  model,  the  next  step  is  to 
define  the  fundamental  Physics  properties. 

Physics  Settings:  Scalar  Expressions 

Select  Options  >  Expressions  >  Scalar  Expressions.  Enter  Name  =  Q_laser.  Enter 
Expression  =  I0*a*exp(a*z-rA2/(2*sigmaA2)).  See  Figure  10.12.  Click  OK. 

Physics  Settings:  Subdomain  Expressions 

Select  Options  >  Expressions  >  Subdomain  Expressions. 

note^  In  the  entries  in  the  Subdomain  Expressions  window,  the  variable  Name  a 
needs  to  be  entered  only  once,  as  indicated  by  the  following  instructions. 


Object  type 
M  Solids 
O  Curves 
O  Points 


Object  selection: 


Shortcuts 
(  Unit 


: 


1 


Select  All 


Cancel 

(  ) 
(    Help  ) 


Set  formula: 


ri  ; 

R2  [ 

n  j 

R3  B 


M  Keep  interior  boundaries 
□  Repair  — 


R'palr'°'eran" 


1.0E~4 


I  FIGURE  10.10  2D_Bio_TLIJ  model  Create  Composite  Object  edit  window 
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I  FIGURE  10.11   2D_Bio_TLI_1  model  domain:  skin,  tissue,  and  tumor  (C01 ) 


Name           |  Expression 

Unit 

Description 

QJaser  IO*a*exp(a*z-rA2/(2"sigmaA2» 

D 

Laser  energy  distribution  * 

I 

I  FIGURE  10.12  2D_Bio_TLIJ  model  Scalar  Expressions  edit  window 
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Subdomain  selection 


C^D  C^D  Q^D 


I  FIGURE  10.13  2D_Bio_TLI_1  model  Subdomain  Expressions  (1 )  edit  window 


For  subdomain  1,  enter  Name  =  a,  Expression  =  0.1[l/m].  See  Figure  10.13. 
For  subdomain  2,  enter  Expression  =  4[l/m].  See  Figure  10.14. 
For  subdomain  3,  enter  Expression  =  0.1[l/m].  See  Figure  10.15. 
Click  OK. 


Q  Select  by  group 


(    Help    )    (   Apply   )    (  Cancel  )    (     OK  ) 

I  FIGURE  10.14  2D_Bio_TLI_1  model  Subdomain  Expressions  (2)  edit  window 


□  Select  by  group 


Name 

Expression 

Un.r 

a 

0.1[l/m] 

I 

(     Help     )     (    Apply    )     (  Cancel   )  ^ 

I  FIGURE  10.15  2D_Bio_TLI_1  model  Subdomain  Expressions  (3)  edit  window 
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I  Table  10.3     Subdomain  Settings 


Name 

Subdomain  2 

Subdom 

k  (isotropic) 

k_tissue 

k_tumor 

k_skin 

P 

rho_tissue 

rhojumor 

rho_skin 

C 

C_tissue 

C_tumor 

C_skin 

Pb 

rho_blood 

rho_blood 

rhojolood 

cb 

C_blood 

C_blood 

C_blood 

wb_tissue 

wb_tumor 

wb_skin 

Tb 

TJolood 

T.blood 

TJalood 

^met 

Q„met 

Q_met 

Q_met 

Qext 

QJaser 

QJaser 

QJaser 

Physics  Subdomain  Settings:  Bioheat  Equation  (htbh) 

Having  established  the  basic  Physics  settings  for  the  2D_Bio_TLI_l  model,  the  next 
step  is  to  define  the  fundamental  Physics  subdomain  setting.  Using  the  menu  bar, 
select  Physics  >  Subdomain  Settings.  In  the  Subdomain  Settings  edit  window,  enter 
the  information  shown  in  Table  10.3  and  Figures  10.16,  10.17,  and  10.18.  Click  the 
Apply  button  after  filling  in  the  parameters  of  each  separate  subdomain  in  the  subdo- 
main edit  window. 


I  FIGURE  10.16  2D_Bio_TUJ  model  Subdomain  Settings  (1)  edit  window 
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I  FIGURE  10.17  2D_Bio_TLM  model  Subdomain  Settings  (2)  edit  window 


I  FIGURE  10.18  2D_Bio_TLIJ  model  Subdomain  Settings  (3)  edit  window 
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6BpCdT/dl  ♦  V*(-k7T>  =  MbCbu'b<Tb  "  ^  **"  ^met  *  Q«rTB  tcfiiper  dlute 


I  FIGURE  10.19  2D_Bio_TLI_1  model  Subdomain  Settings,  Initial  value  edit  window 


Select  subdomains  1,2,  and  3.  Click  the  Init  tab.  Enter  TO  in  the  Initial  value  edit 
window.  Click  the  Apply  button.  See  Figure  10.19.  Click  OK. 

Physics  Boundary  Settings:  Bioheat  Equation  (htbh) 

Having  established  the  subdomain  settings  for  the  2D_Bio_TLl_l  model,  the  next 
step  is  to  define  the  fundamental  Physics  boundary  settings.  Using  the  menu  bar, 
Select  Physics  >  Boundary  Settings.  In  the  Boundary  Settings  edit  window,  enter  the 
information  shown  in  Table  10.4.  Click  the  Apply  button  after  choosing  or  entering  the 


Table  10.4    Boundary  Settings 


Boundary 

Boundary  Conditior 

Figure  Number 

1,  3-5 

Axial  symmetry 

10.20 

2,  8,  9 

Thermal  insulation 

10.21 

7 

Heat  flux 

h 

h_conv 

10.22 

Tin, 

Tjnf 
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Equation 


1   1  S«lcct  by  group 
'Z!  Interior  boundaries 


Boundary  sources  and  constraints 


Hound-,  yiutiditiun  I  Axial  symmetry  ^ 

Quantity  Vdlue/Expre»&iun  Unit  De*nipUon 

q0  W/m2       Inward  heat  flux 

"  W/(mz  K)  Heat  transfer  coefficient 

Tinf 


310.15 


External  temperature 
Temperature 


Apply  C;ince 


I  FIGURE  10.20  2D_Bio_TLI_1  model  Boundary  Settings  (1,  3-5)  edit  window 


parameters  of  each  Boundary  Settings  group  in  the  Boundary  Settings  edit  window. 
Click  OK.  See  Figures  10.20,  10.21,  and  10.22. 

Mesh  Generation 

Using  the  menu  bar,  select  Mesh  >  Free  Mesh  Parameters.  Click  the  Subdomain  tab. 
Select  subdomain  2  (the  tumor).  Enter  0.005  in  the  Maximum  element  size  edit  win- 
dow. Select  "Quad"  from  the  Method  pull-down  list.  See  Figure  10.23. 


Equation 


r.rnups  1 


Boundary  selection 


fnlnr/SrylF  B 


Boundary  sources  and  constraints 
Buundatyt.undlUun   I  Thermal  Insulation  )M 


Valuc/Expie^siun 

0 


Unit 

W/mz 


Desnipliun 
Inward  heat  flux 
W/(mz  K)  Heat  transfer  coefficient 
External  temperature 
Temperature 


I  FIGURE  10.21   2D_Bio_TLI_1  model  Boundary  Settings  (2,  8,  9)  edit  window 
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Equation 

n(kVT)  =  q0  +  h(Tjn|-T) 


Croup:  '  

Q  Select  by  group 
^2  Interior  boundaries 


3 


fc^e 


Color/Style 


Boundary  sources  and  constraints 


Boundary  condition:   [  neat  flux 


Quantity 

h 

T,_, 


Value/Expression 


h_conv 


T.inf 


Unit 

W/m2 


Description 

Inward  heat  flux 

W/(mJ  Kl  Heat  transfer  coefficient 
K 

External  temperature 
Temperature 


I  FIGURE  10.22  2D_Bio_TLI_1  model  Boundary  Settings  (7)  edit  window 


I  FIGURE  10.23  2D_Bio_TLIJ  model  Free  Mesh  Parameters,  subdomain  2  edit  window 
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I  FIGURE  10.24  2D_Bio_TU_1  model  mesh 

Click  the  Mesh  Selected  button.  Click  the  Select  Remaining  button.  Click  the 
Mesh  Selected  button.  Click  OK.  See  Figure  10.24. 

Solving  the  2D_Bio_TLI_l  Model 

Using  the  menu  bar,  select  Solve  >  Solver  Parameters.  Select  "Time  dependent"  in  the 
Solver  list.  Enter  0:10:600  in  the  Times  edit  window.  See  Figure  10.25. 
Click  OK.  Using  the  menu  bar,  select  Solve  >  Solve  Problem. 

Postprocessing  and  Visualization 

The  default  plot  shows  a  surface  plot  of  the  temperature  (K).  See  Figure  10.26. 

Typically,  such  analytical  plots  are  viewed  in  degrees  Centigrade.  The  plot  can 
be  easily  converted  through  the  following  steps.  Using  the  menu  bar,  Select 
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M  Auto  select  solver 


Q  Adaptive  mesh  refinement 


I  r.p-rii'i  jI       Tinir  Slfpfiinij       Aiiv.uk  nl 


lime  stepping 
Tiroes 

Kelaave  tolerance: 
Absolute  tolerance: 
~^  Allow  complex  numbers 


Uncar  system  sotver.   1  Direct  (UWPAim 

Preconditwner; 


MMrla  vytnmMry 


(    Htlp   )    (  Apply  )  (_umJ 


I  FIGURE  10.25  2D  Bio  TLI  1  model  Solver  Parameters  edit  window 


ft  O  O     COMSOL  Mu.„p.,y„„  -  CnU/H,,.  T„n,f„  M«.u.P  -  B,oh„.  Equalion  (Mbh)  ZDJ^.TU.^ 


Number  ol  degrees  of  freedom  solved  tor  lSl'J 
SoluOon  tinw  0.46  J  | 

Mved  tUMMJL  Model  Me  .•LLO.o.  JU_  I  m©h 


I  FIGURE  10.26  2D_Bio_TLI_1  model  solution,  temperature  ( 
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amete's 


General 


Contour  Boundary         Arrow         Principal  ^ 


M  Surface  plot 


I  Surface  Data      Height  Data 


Predefined  quantities:   1  Temperature 
Expression:  |T 
Unit:  c 


: 


Range.. 


fVl  Smooth 


Coloring  and  fill 


Coloring:       f  Interpolated      ^        Fill  style:       1  Filled 


Surface  color 


@  Colormap:         [  Jet  |^   Colors:    1024        M  Color  scale 

O  Uniform  color:     (  Color...  )  I 


(    Help    )     C   Apply   )     (  Cancel  ) 


I  FIGURE  10.27  2D_Bio_TLI_1  model  Plot  Parameters,  Surface  tab  (°C)  edit  window 


Postprocessing  >  Plot  Parameters  >  Surface.  Select  "degC  (°C)"  from  the  Unit  pull- 
down list.  See  Figure  10.27. 
Click  OK.  See  Figure  10.28. 


note^  The  bioheat  equation  is  a  valuable  approach  for  calculating  the  efficacy  of 
potential  treatment  methodologies.  The  guiding  principle  needs  to  be  that  tumor  cells 
die  at  elevated  temperatures.  The  literature  cites  temperatures  that  range  from  42  °C 
(315.15  K)5  to  60  °C  (333.15  K).6  If  the  postulated  method  raises  the  local  temperature 
of  the  tumor  cells,  without  excessively  raising  the  temperature  of  the  normal  cells,  then 
the  proposed  method  will  probably  be  successful. 
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bolulion  time  1Mb!  s 
Saved  COM5CM.  Model  file  2D  Bio  TLI  l.mph 
Saved  COMSOL  Model  file  2D_8io_TLI_l  mph 


C 


i — r 


I  FIGURE  10.28  2D_Bio_TU_1  model,  surface  temperature  (°C) 


Now  that  the  2D_Bio_TLI_l  model  has  been  successfully  calculated,  the  modeler 
can  determine  the  time  to  reach  the  desired  temperature  for  a  preliminary  estimate  of  an 
effective  treatment.  Final  determination  of  the  veracity  of  the  calculation  will,  of 
course,  need  to  be  made  experimentally.  The  results  (estimated  time  values)  from  the 
model  calculations  will  significantly  reduce  the  effort  needed  to  determine  an  accurate 
experimental  value. 

To  determine  the  time  to  the  desired  temperature  of  60  °C  at  the  boundary  of  the 
tumor,  proceed  as  follows.  Using  the  menu  bar,  select  Postprocessing  >  Domain  Plot 
Parameters.  Click  the  Point  tab.  Select  point  6  in  the  Point  selection  window.  Select 
"Temperature"  from  the  Predefined  quantities  pull-down  list.  Select  "degC  (°C)"  from 
the  Unit  pull-down  list.  See  Figure  10.29. 

Click  OK.  Figure  10.30  shows  that  the  time  to  60  (C  at  the  boundary  of  the  tumor 
is  approximately  220  seconds  under  the  specified  conditions  of  this  model). 
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'  Genet ^1       Suif«LC       Ling/£xtiu>iun  \   Puint  } 


T 

w 

H 

Q  Auto 

O     (  Expression.-  ) 


(    Lm«S«ttlr>gt.  ^ 


I  FIGURE  10.29  2D_Bio_TLI_1  model  Domain  Plot  Parameters,  Point  tab 


I  FIGURE  10.30  2D_Bio_TLI_1  model,  time  to  temperature 
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Plot  Parameters 


Principal 


Particle  Tracing 


Movie  settings 
File  type: 
Width  lin  pixels): 
Height  {in  pixels): 
Frames  per  second: 


I  AVI 


'640 


(  Advanced—  ^ 


Static  /  Eigenf unction  animation 
Cycle  type: 


Number  of  frames:  11 


Solutions  to  use 


Select  via:   \  Stored  output  times  l-fr^ 


Reverse  direction 

Use  camera  settings  from  main  window 


(  Start  Animation  ~~) 


(    Help    )    (    Apply   )    (  Cancel  ) 

I  FIGURE  10.31   2D_Bio_TLI_1  model  Plot  Parameters,  Animate  tab 


The  development  of  the  entire  model  can  be  viewed  by  following  these  steps. 
Using  the  menu  bar,  select  Postprocessing  >  Plot  Parameters  >  Animate.  Select  all 
solutions  in  the  Solutions  to  use  window.  See  Figure  10.31. 

Click  the  Start  Animation  button.  See  Figure  10.32. 

2D  Axisymmetric  Tumor  Laser  Irradiation  Model: 
Summary  and  Conclusions 

The  bioheat  equation  is  a  valuable  approach  for  calculating  the  efficacy  of  potential 
treatment  methodologies.  Now  that  the  2D_Bio_TLI_l  model  has  been  successfully 
calculated,  the  modeler  can  determine  the  time  to  reach  the  desired  temperature  for  a 
preliminary  estimate  of  an  effective  treatment.  Final  determination  of  the  veracity  of 
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Time  "600 

Surface:  Temperature  [DCJ 


-0.02 


-0.06 


-0.08 


-0.04       -0.02  0  0.02         0.04         0.06         0.08  0.1 


Min:  32.739 


(    PI'V    )     (    Stop    )  |f 

I  FIGURE  10.32  2D_Bio_TLI_1  model  Plot  Parameters,  animation,  final  frame 


the  calculation  will,  of  course,  need  to  be  made  experimentally.  The  literature  cites 
temperatures  that  range  from  42  °C  (315.15  K)  to  60  °C  (333.15  K).6 

If  the  postulated  method  raises  the  local  temperature  of  the  tumor  cells,  without 
excessively  raising  the  temperature  of  the  normal  cells,  then  the  proposed  method  will 
probably  be  successful.  The  results  (estimated  time  values)  from  the  model  calcula- 
tions will  significantly  reduce  the  effort  needed  to  determine  an  accurate  experimen- 
tal value.  The  guiding  principle  needs  to  be  that  tumor  cells  die  at  elevated 
temperatures. 


■  Microwave  Cancer  Therapy  Theory 

Hyperthermic  (high-temperature)  oncology  (cancer,  tumor)8  involves  the  use  of  ele- 
vated temperatures  to  kill  cancer  and  other  tumor  cells.  As  discussed  in  the  previous 
model,  it  is  necessary  to  locally  raise  the  temperature  of  the  cancer/tumor  cells,  with- 
out doing  significant  damage  to  the  normal  (healthy)  cells  surrounding  the  tumor.  In 
the  previous  model,  the  energy  was  supplied  as  photothermal  energy  using  laser  irra- 
diation. In  this  model,  the  externally  applied  energy  is  supplied  through  the  use  of  a 
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Microwave 
Input 


Radial 
Radiation 
Port 


Dielectric 


Sheath 


Thin  Coaxial  Slot  Antenna 

I  FIGURE  10.33  2D_Bio_MCT_1  model,  antenna 

specialized  microwave  antenna  and  the  application  of  Ohm's  and  Joule's  Laws.9,10 
This  type  of  procedure  is  typically  designated  as  a  minimally  invasive  procedure.11 
Figure  10.33  shows  the  microwave  antenna  in  cross  section. 

2D  Axisymmetric  Microwave  Cancer  Therapy  Model 

The  following  numerical  solution  model  (2D_Bio_MCT_l  model)  is  derived  from  a 
model  that  was  originally  developed  by  COMSOL  as  a  Heat  Transfer  Module  tutorial 
model  for  the  demonstration  of  the  solution  of  a  bioheat  equation  model.  That  model 
was  developed  for  distribution  with  the  Heat  Transfer  Module  software  as  part  of  the 
COMSOL  Heat  Transfer  Module  Model  Library. 

note^  The  bioheat  equation  is  a  valuable  approach  for  calculating  the  efficacy  of 
potential  treatment  methodologies.  The  guiding  principle  needs  to  be  that  tumor  cells 
die  at  elevated  temperatures.  The  literature  cites  temperatures  that  range  from  42  °C 
(315.15  K)5  to  60  °C  (333.15  K).6  If  the  postulated  method  raises  the  local  temperature 
of  the  tumor  cells,  without  excessively  raising  the  temperature  of  the  normal  cells,  then 
the  proposed  method  will  probably  be  successful. 

This  model  takes  advantage  of  the  conductivity  of  human  tissue.  Figure  10.34  shows 
the  microwave  antenna  in  cross  section,  embedded  in  the  modeling  domain  (tissue) 
and  radiating  power.  Because  the  model  is  created  as  a  2D  axisymmetric  model,  only 
the  right  half  of  the  structure  is  used  in  the  calculations. 
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Microwave 
Input 


I  FIGURE  10.34  2D_Bio_MCT_1  model,  antenna  plus  tissue 


To  start  building  the  2D_Bio_MCT_l  model,  activate  the  COMSOL  Multiphysics 
software.  In  the  Model  Navigator,  select  "Axial  symmetry  (2D)"  from  the  Space  dimen- 
sion pull-down  list.  Select  Heat  Transfer  Module  >  Bioheat  Equation  >  Steady-state 
analysis.  Click  the  Multiphysics  button,  and  then  click  the  Add  button.  See  Figure  10.35. 


«1 


Model  Navigator 


Model  Library       User  Models  Open 


Space  dimension 


Axial  symnwlrv  (/111 


3  Auulkalrun  Mode* 

►  L_,COM50L  Multiphysics 

►  L_j  AC'DC  Module 

▼  0  Heat  Transfer  Module 
p  [j  General  Heat  Transfer 
▼  [_|  Blulicat  Equation 

Qj  Transient  analysis 
»   [j  Weakly  ■  nmprpssihle  N.ivier- 

►  Qj  k-i  Turbulence  Model 

►  |j  k-tu  Turbulence  Model 

►  Q  Electro  Thermal  Interaction 
*■        Fluid-Thermal  Interaction 


Dependent  variables 


t: 


A  pollution  mode  name  Iilbh2 

'  Lapringe  -  Quadra... 


|  Ceoml  (2D) 
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J  c 
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Dependent  variables  T 


Appiiratmn  Mnrt*  Prnperti* 


Add  Geometry... 


fiulino  application  mode: 
Bioheat  Equation  ihtbh) 


(    Help    )    (  Canci 


~OK  ^ 


I  FIGURE  10.35  2D_Bio_MCT_1  Model  Navigator,  Heat  Transfer  Module 
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I  Library      User  Models      Open  Settings 


Space  dimension: 
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►  Q  mems  Module 
▼        RF  Module 

T  H  Electromagnetic  V 

►  Q|  TE  Waves 
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)  c 
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or 
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Add  Frame... 


3 


Ruling  application  mode: 
I   Bioheat  Equation  (htbh) 


I  FIGURE  10.36  2D_Bio_MCT_1  Model  Navigator,  RF  Module 


Select  RF  Module  >  Electromagnetic  Waves  >  TM  Waves  >  Harmonic  propaga- 
tion. Select  "Lagrange-Quartic"  from  the  Element  pull-down  list.  Click  the  Add  but- 
ton. See  Figure  10.36.  Click  OK. 


note'**'  To  verify  the  Lagrange-Quartic  choice,  the  modeler  can  at  any  time  go  to  the 
menu  bar,  select  "Model  Navigator,"  select  the  Application  mode  of  choice,  click  on  the 
Application  Mode  Properties  button,  and  then  verify  the  setting  of  choice. 


Constants 

Using  the  menu  bar,  select  Options  >  Constants.  In  the  Constants  edit  window,  enter 
the  information  shown  in  Table  10.5;  see  also  Figure  10.37.  Click  OK. 

Using  the  menu  bar,  select  File  >  Save  As.  Enter  2D_Bio_MCT_l  .mph  in  the 
Save  As  edit  window.  See  Figure  10.38.  Click  the  Save  button. 

Geometry  Modeling 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  In  the  Rectangle  edit  win- 
dow, enter  the  information  shown  in  Table  10.6.  Click  OK  after  filling  in  the  parameters 
of  each  separate  rectangle  in  the  Rectangle  edit  window.  See  Figures  10.39  and  10.40. 
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Table  10.5     Constants  Edit  Window 


Name 

Expression 

Description 

kjiver 

0.56[W/(m*K)] 

Thermal  conductivity  liver 

rho_blood 

1e3[kg/mA3] 

Density  blood 

C_blood 

3639[J/(kg*K)] 

Heat  capacity  blood 

omega_blood 

3.6e-3[1/s] 

Blood  perfusion  rate 

T_blood 

37[degC] 

Temperature  blood 

P„in 

10[W] 

Microwave  power  input 

nu 

2.45[GHz] 

Microwave  frequency 

eps_diel 

2.03 

Dielectric  relative  permittivity 

eps_cat 

2.6 

Catheter  relative  permittivity 

epsjiver 

43.03 

Liver  relative  permittivity 

sigjiver 

1 .69[S/m] 

Conductivity  liver 

Name  rvpretcinn 

kjiver  0.56|W/(m*K>] 

0.56[W7(m  K)l    Thermal  conductivity  liver  ~* 

fha  blUUll              ll-3|kq  in  3 

IIHHIIltg/m1]       Deriiilv  bluud 

L_blood  ibjyu/ikg'io) 

ibiWHkg  K})     Heat  capacity  blood 

omegablood       3.6c  3|l/s] 

0.0036[l/s]        Blood  perfusion  rate 

T.bluud  37[iituCl 

31015IKI  Tcmueialutculuud 

P_ln  10|W] 

10|W]                Microwave  power  input 

nu  2.4S|CH*I 

2.45c0[l/sl        Microwave  frequency 

eps.dlel  2.03 

2.03               Dielectric  relative  permlnrvlty 

«ps_cat  2.6 
epjjlver  43.03 

2.6                    Catheter  relative  permittivity 
43.03                Liver  relative  permittivity 

slojiyer  169l5,m: 

1.69[S/m]         ConductMrv  Irver  * 

H  (    Hdp    )    (  Apply  ^    (  Cincri  }    ^"QK  ) 


I  FIGURE  10.37  2D_Bio_MCTJ  model  Constants  edit  window 


I  FIGURE  10.38  2D_Bio_MCT_1  model  Save  As  edit  window 
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Table  10.6     Geometry  Components 


Name 

Width 

R1 
R2 

0.595e-3 
29.405e-3 

0.01 
0.08 

Corner 
Corner 

0 

0.595e-3 

0 

1 .25e-30 

10.39 
10.40 

Click  the  Zoom  Extents  button.  See  Figure  10.41. 

Using  the  menu  bar,  select  Draw  >  Create  Composite  Object.  Enter  Rl  +R2  in  the 
Set  formula  edit  window.  Uncheck  the  Keep  interior  boundaries  check  box.  See 
Figure  10.42. 

Click  OK.  See  Figure  10.43. 


note^  The  composite  object  (COl)  created  through  these  steps  forms  the  modeling 
domain  that  constitutes  the  liver  tissue. 


rSize — 
Width:  0.595e-3 


Height:  fo"c 


Base:      '  Corner 


T] 


Style:     '  Solid 


C^ED  C^eO  GEEfD 


I  FIGURE  10.39  2D_Bio_MCT_1  model  Rectangle  (R1 )  edit  window 


Size 


Width:  !  29.405e-3 
Height:  0.08 


Position 


Base:  [  Corner 
r:  |o.S95e-3 


Rotation  angle 


(degrees) 


Style:    1  Solid 


I  FIGURE  10.40  2D_Bio_MCT_1  model  Rectangle  (R2)  edit  window 
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Object  type 
@  Solids 
O  Curves 
O  Points 


Object  selection: 


( 

Union 

1 

( 

Intersection 

) 

' 

Select  All 

(  Cancel  ") 
(  Apply  ) 
(    H"P  ) 


R1  +  R2 

Q  Keep  interior  boundaries 
Q  Repair 


I  FIGURE  10.42  2D_Bio_MCT_1  model  Create  Composite  Object  edit  window 
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I  FIGURE  10.43  2D_Bio_MCT_1  model  composite  object  (C01) 

Using  the  menu  bar,  select  Draw  >  Specify  Objects  >  Rectangle.  In  the  Rectangle  edit 
window,  enter  the  information  shown  in  Table  10.7.  Click  OK  after  filling  in  the  param- 
eters of  each  separate  rectangle  in  the  Rectangle  edit  window.  See  Figures  10.44  and  10.45. 

Using  the  menu  bar,  select  Draw  >  Create  Composite  Object.  Enter  Rl  +R2  in  the 
Set  formula  edit  window.  Uncheck  the  Keep  interior  boundaries  check  box.  See 
Figure  10.46.  Click  OK. 

I  Table  10.7     Geometry  Components 


Name  Width 


Height  Base 


r 


R1  0.125e-3 


1.0e-3  Corner 


0.47  e-3         0.0155  10.44 


R2 


3.35e-4 


0.0699 


Corner 


0.135e-3 


0.0101 


10.45 


Microwave  Cancer  Therapy  Theory 


777 


Width:  0.125e-3 


Height:  1.0e-3 


Base: 


0.015  5| 


Rotation  angle 


o:  0 


(degrees) 


I  FIGURE  10.44  2D_Bio_MCT_1  model  Rectangle  (R1 )  edit  window 


Width:  3.35e-4 


Height:  0.0699 


Rotation  angle 


Position 

Base:      '  Corner 


Style 


C^D  CsED 


(degrees) 


I  FIGURE  10.45  2D_Bio_MCT_1  model  Rectangle  (R2)  edit  window 


Object  type 
©  Solids 
O  Curves 
O  Points 


Object  selection: 


COl 


Shortcuts 


( 

Union 

( 

Intersection 

( 

Select  All 

(  Cancel  ") 
(  Apply  ) 
(    H"P  ) 


[2  Keep  interior  boundaries 
HI  Repair  — 


1.0E-4 


I  FIGURE  10.46  2D_Bio_MCTJ  model  Create  Composite  Object  edit  window 
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0  8.95e-4  8.95e-4 
3  0.01  0.08| 


|9.5e- 


Style:    [  Polyline 


(   Apply  ) 


I  FIGURE  10.47  2D_Bio_MCT_1  model  Line  (B1 )  edit  window 
I  Table  10.8     Geometry  Components 


Name       Width       Height       Base        r  z  Figure  Number 

R3  1.25e-4        1.0e-3  Corner        4.7e-4        0.0155  10.48 


note^  The  composite  object  created  through  these  steps  (C02)  forms  the  modeling 
domain  that  constitutes  the  antenna  dielectric. 

Next,  add  a  line  to  the  geometry.  Using  the  menu  bar,  select  Draw  >  Specify 
Objects  >  Line.  In  the  r  edit  window,  enter  0  8.95e-4  8.95e-4.  In  the  z  edit  window, 
enter  9.5e-3  0.01  0.08.  See  Figure  10.47.  Click  OK. 

note^  The  line  created  through  these  steps  forms  the  boundary  of  the  antenna  sheath. 

Add  the  last  rectangle  to  the  geometry.  Using  the  menu  bar,  select  Draw  >  Specify 
Objects  >  Rectangle.  In  the  Rectangle  edit  window,  enter  the  information  shown  in 
Table  10.8.  Click  OK  after  filling  in  the  parameters  of  the  rectangle  in  the  Rectangle 
edit  window.  See  Figure  10.48. 


Width:  1.25e-4 


Height:  1.0e-3 


Base:      '  Corner 


r:  4.7e-4 


0.015  31 


Rotation  angle 


a:  0 


(degrees* 


Style:     1  Solid 


I  FIGURE  10.48  2D_Bio_MCT_1  model  Rectangle  (R1 )  edit  window 
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I  FIGURE  10.49  2D_Bio_MCT_1  model,  antenna  and  model  domain 


note^  The  rectangle  created  through  these  steps  forms  the  modeling  domain  that 
constitutes  the  slot  in  the  coaxial  antenna  that  allows  energy  to  be  radiated  into  the  liver 
tissue. 


Click  OK.  See  Figure  10.49. 

Having  established  the  geometry  for  the  2D_Bio_MCT_l  model,  the  next  step  is 
to  define  the  fundamental  Physics  properties. 

Physics  Settings:  Bioheat  Equation  (htbh) 

Using  the  menu  bar,  select  Multiphysics  >  1  Bioheat  Equation  (htbh).  Select  Physics  > 
Subdomain  Settings.  Select  subdomains  2,  3,  and  4.  Uncheck  the  Active  in  this 
domain  check  box.  See  Figure  10.50.  Click  the  Apply  button. 
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7  ■  t-kVT)  -  PbCbwb(Tb  -  T)  +  Q^,  +  Qt>t.  T-  temperature 


Groups 


^  Select  bv  group 

Q  Active  in  this  domain 


Init 


Thermal  properties  and  heat  sources/sinks 


Quantity  Value/Expression 

0  k  (isotropic)  OS 


O  k  (anisotropic)     0.5  0  0  0.5 
Pb  ~0 


•"b 
-b 

Tb 


310.15 


Unit  Description 

W/(m  K)  Therma,  conductivity  0f  ,l5sue 

W/(m  Kl  Tnerma|  conductivity  of  tissue 
kg/ms    Density  of  blood 
J/(kg  ■  K)  specific  heat  of  blood 
l'*        Blood  perfusion  rate 

Arterial  blood  temperature 
W/m3      Metabolic  heat  source 
W/m3      Spatial  heat  source 


(    Help    )    (    Apply   )    (  Canctl  ) 

I  FIGURE  10.50  2D_Bio_MCT_1  model  Subdomain  Settings  (2,  3,  4)  edit  window 


Select  subdomain  1 .  In  the  subdomain  1  edit  window,  enter  the  information  as 
shown  in  Table  10.9.  Click  OK  after  filling  in  the  parameters  of  the  rectangle  in  the 
Rectangle  edit  window. 


note^  The  metabolic  energy  (<2met)  is  sufficiently  small,  relative  to  the  microwave 
energy,  that  it  can  be  ignored  in  this  model.  Thus  it  is  set  to  zero. 

Click  the  Apply  button.  See  Figure  10.51.  Click  OK. 
I  Table  10.9    Subdomain  1  Settings 


Name  Setting 

k  (isotropic) 

kjiver 

Pb 

rho_blood 

cb 

C_blood 

omega_blood 

Tb 

T_blood 

Qmet 

0 

Qext 

Qav_rfwh 
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I  FIGURE  10.51   2D_Bio_MCT_1  model  Subdomain  Settings  (1 )  edit  window 
Physics  Boundary  Settings:  Bioheat  Equation  (htbh) 

Having  established  the  bioheat  equation  subdomain  settings  for  the  2D_Bio_MCT_l 
model,  the  next  step  is  to  define  the  bioheat  equation  physics  boundary  settings. 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  Select  boundary  1. 
Check  the  Select  by  group  check  box. 

Select  "Thermal  insulation"  from  the  Boundary  condition  pull-down  list.  See 
Figure  10.52.  Click  OK. 


I  FIGURE  10.52  2D_Bio_MCT_1  model  Boundary  Settings  (1 )  edit  window 


Chapter  10    Bioheat  Models 


Application  Scalar  Variables 


Expression 


Unit   '  Description 


epsilonO_rfwh       8.854187817e-12         F/m    Permittivity  of  vacuum 
)_rfwh  4*pi'le-7  


m"°-rfwh  4 


M  Synchronize  equivalent  variables 

Apply)  (Cancel 

I  FIGURE  10.53  2D_Bio_MCT_1  model  Application  Scalar  Variables 


note^  The  thermal  insulation  boundary  condition  can  be  employed  because  most  of 
the  heat  energy  is  removed  by  perfusion,  rather  than  by  conduction  through  the 
boundaries. 


Physics  Settings:  2  TM  Waves  (rfwh),  Scalar  Variables 

Using  the  menu  bar,  select  Multiphysics  >  2  TM  Waves  (rfwh).  Using  the  menu  bar, 
select  Physics  >  Scalar  Variables.  Enter  nu  in  the  nu_rfwh  (Frequency)  edit  window. 
See  Figure  10.53.  Click  OK. 

Physics  Settings:  2  TM  Waves  (rfwh),  Subdomain  Settings 

Using  the  menu  bar,  select  Physics  >  Subdomain  Settings.  In  the  Subdomain  Settings 
edit  window,  enter  the  information  shown  in  Table  10.10  and  Figures  10.54  through 
10.57.  Click  the  Apply  button  after  filling  in  the  parameters  of  each  separate  subdo- 
main in  the  Subdomain  settings  edit  window.  Click  OK. 

Physics  Settings:  2  TM  Waves  (rfwh),  Boundary  Settings 

Using  the  menu  bar,  select  Physics  >  Boundary  Settings.  In  the  Boundary  Settings  edit 
window,  enter  the  information  as  shown  in  Table  10.11.  Click  the  Apply  button  after 
choosing  or  entering  the  parameters  of  each  Boundary  Settings  group  in  the  Boundary 
Settings  edit  windows.  Click  OK.  See  Figures  10.58-10.62. 


Table  10.10     Subdomain  Settings 


(isotropic) 

epsjiver 

eps_cat 

eps_diel 

1 

(isotropic) 

sigjiver 

0 

0 

0 

r<-r 

1 

1 

1 

1 
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Table  10.11    Boundary  Settings 


1,  3 

Axial  symmetry 

10.58 

2,  14,  18,  20,  21 

Scattering  boundary  condition 

Spherical 

10.59 

5-7,  9,  11-13,  15,  17 

Perfect  electric  conductor 

10.60 

8 

Port 

Wave  excitation 
selected 

Pjn 

10.61 

8 

Port  tab 

Coaxial 

10.62 

Subdomain  Settings  -  TM  Waves  (rfwh) 


Subdomain  selection 

2 

i 

4 

Croup:  : 

□  Sdett  by  Qrotip 

^  Actwetnthis  donum 

Material  properties 
Library  material: 


Quantity  Valua/ Lxprtssion  u 

O  !>P«'ry  material  proparties  in  termj  of  refractive  index 


0  Specify  material 


0  iigjiver 


J  S/m   Utttrw  conductivity 


C    "dp    )    (  Apply  )    (  Cmcri  j 

I  FIGURE  10.54  2D_Bio_MCTJ  model,  Subdomain  Settings  (1 )  edit  window 


I  FIGURE  10.55  2D_Bio_MCT_1  model,  Subdomain  Settings  (2)  edit  window 
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Equation 


Vx^-Wwi^VxH^  -  Mrk02Hv  =  0,  c,  =  n2 


Croup: 
^}  Select  by  group 
(VI  Active  in  this  domain 


Material  properties 
Library  material: 


1§    (  Load...  ) 


Quantity  Value/Expression  Unit  Description 

Q  Specify  material  properties  in  terms  of  refractive  index 


Refractive  index 


Q  Specify  material  properties  in  terms  of  tr,  ur,  and  a 
Er  eps_diel 


Relative  permittivity 
Electric  conductivity 
*       Relative  permeability 


S/m 


(     Help     )    (    Apply   )    (  Cancel  )     {     OK  ) 


I  FIGURE  10.56  2D_Bio_MCT_1  model,  Subdomain  Settings  (3)  edit  window 


Mesh  Generation 

Using  the  menu  bar,  select  Mesh  >  Free  Mesh  Parameters.  Click  the  Custom  mesh  size 
radio  button.  Enter  3e-3  in  the  Maximum  element  size  edit  window.  Click  the  Apply 
button.  See  Figure  10.63. 


Equation 

Vx({£r-ja/u)E0)-1VxHip)  -  »rk02Hv  »  0,  ef  =  n2 


I  Subdomains  Croups 
Subdomain  selection 


Croup: 


^  Select  by  group 

M  Active  in  this  domain 


PML      Init      Element  Color 


Material  properties 
Library  material:  ' 


[]  load... 


Quantity  Value/Expression  Unit  Description 

O  Specify  material  properties  in  terms  of  refractive  index 

n       ;  1 


©  Specify 
£r 


Refractive  index 


Relative  permittivity 
Electric  conductivity 
Relative  permeability 


I  FIGURE  10.57  2D_Bio_MCT_1  model,  Subdomain  Settings  (4)  edit  window 
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I  FIGURE  10.58  2D_Bio_MCT_1  model  Boundary  Settings  (1 ,  3)  edit  window 


I  FIGURE  10.59  2D_Bio_MCT_1  model  Boundary  Settings  (2, 1 4, 1 8,  20,  21 )  edit  window 
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I  FIGURE  10.60  2D_Bio_MCT_1  model  Boundary  Settings  (5-7,  9, 1 1-13, 15, 17)  edit  window 


I  FIGURE  10.61   2D_Bio_MCT_1  model  Boundary  Settings  (8)  edit  window 
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I  FIGURE  10.62  2D_Bio_MCT_1  model  Boundary  Settings  (8),  Port  tab  edit  window 


Free  Mesh  Parameters 


[  Global      Subdomain      Boundary      Point      Advanced  j 

(3  Predefined  mesh  sizes:  '   Normal  t  ] 

@  Custom  mesh  size 


Maximum  element  size: 
Maximum  element  size  scaling  factor:  1 
Element  growth  rate: 

Mesh  curvature  factor:  1 0.3 

Mesh  curvature  cutoff: 
Resolution  of  narrow  regions: 


M  Optimize  quality 
Refinement  method:   1   Regular  I  -*  \ 


I  FIGURE  10.63  2D_Bio_MCT_1  model  Free  Mesh  Parameters,  Global  tab 
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!  Mesh  Parameters 


6uunddiy      Puinl  Advanced 


Subdomain  selection  - 


□  Select  by  group 

c 

Select  Meshed 


Subdomain  mesh  parameters 
Maximum  element  size:  1. 


Element  growth  rate: 
Method: 


Triangle 


(  raor>l~) 
(  Apply  ) 
(    Help  ) 


I  FIGURE  10.64  2D_Bio_MCT_1  model  Free  Mesh  Parameters,  subdomain  3 


Click  the  Subdomain  tab.  Select  subdomain  3.  Enter  1.5e-4  in  the  Maximum  ele- 
ment size  edit  window.  See  Figure  10.64. 

Click  the  Remesh  button,  and  then  click  OK.  See  Figure  10.65. 

Solving  the  2D_Bio_MCT_l  Model 

Using  the  menu  bar,  select  Solve  >  Solver  Parameters.  Select  "Parametric"  from  the 
solver  list.  Enter  P_in  in  the  Parameter  name  edit  window.  Enter  2:0.5:10  in  the 
Parameter  values  edit  window.  Click  the  Apply  button.  See  Figure  10.66. 
Click  OK.  Using  the  menu  bar,  select  Solve  >  Solve  Problem. 

Postprocessing  and  Visualization 

The  default  plot  shows  a  surface  plot  of  the  temperature  (K).  See  Figure  10.67. 

Typically,  such  analytical  plots  are  viewed  in  degrees  Centigrade.  The  plot  can  be 
easily  converted  through  the  following  steps.  Using  the  menu  bar,  select 
Postprocessing  >  Plot  Parameters  >  Surface.  Select  "degC  (°C)"  from  the  Unit  pull- 
down list.  See  Figure  10.68. 

Click  OK.  See  Figure  10.69. 

note^  The  bioheat  equation  is  a  valuable  approach  for  calculating  the  efficacy  of 
potential  treatment  methodologies.  The  guiding  principle  needs  to  be  that  tumor  cells 
die  at  elevated  temperatures.  The  literature  cites  temperatures  that  range  from  42  °C 
(315.15  K)  to  60  °C  (333.15  K).6  If  the  postulated  method  raises  the  local  temperature  of 
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I  FIGURE  10.65  2D_Bio_MCT_1  model  mesh 


191  AutOSJlsCtiOMr 
Solv«r: 


Linear  jyilem  igtm 


□  Adaptive  mesh  refinement 


Unear  system  soher       Direct  tUMFPACiO 


Matrix  symmetry:        '  Automat* 


f   Sewings...  ^ 


I  FIGURE  10.66  2D  Bio  MCT  1  model  Solver  Parameters 
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I  FIGURE  10.67  2D_Bio_MCT_1  model  solution,  temperature  (K) 

the  tumor  cells,  without  excessively  raising  the  temperature  of  the  normal  cells,  then  the 
proposed  method  will  probably  be  successful. 

Now  that  the  2D_Bio_MCT_l  model  has  been  successfully  calculated,  the  modeler 
can  determine  the  temperature  for  a  preliminary  estimate  of  the  input  power.  Final 
determination  of  the  veracity  of  the  calculation  will,  of  course,  need  to  be  made 
experimentally.  The  results  (solutions  at  different  input  powers)  from  the  model 
calculations  will  significantly  reduce  the  effort  needed  to  determine  an  accurate  initial 
experimental  value. 

It  can  readily  be  seen  in  the  solution  of  the  2D_Bio_MCT_l  model  at  10  W  that 
the  peak  temperature  in  the  region  immediately  adjacent  to  the  antenna  may  be  high- 
er (approximately  100  °C)  than  desired.  The  range  of  solutions  for  powers  from  2  W 
to  10  W  is  easily  viewed  for  selection.  Using  the  menu  bar,  select  Postprocessing  > 
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General         Surface         Contour         Boundary         Arrow  Principal 


(Vj  Surface  plot 


Surface  Data       Height  Data 


Predefined  quantities:  '  T< 
Expression:  [t 
Unit:  f~°C 


(  Range... 
(VI  Smooth 


Coloring  and  fill 


Coloring:       f  Interpolated  Fill  style:       [  Filled  14^ 


Surface  color 


®  Colormap:         [  Jet  ^   Colors:    1024        |VJ  Color  scale 

Q  Uniform  color:     (  Color..."^  I 


(    Help    )    (   Apply   )    (  Cancel  ) 


I  FIGURE  10.68  2D_Bio_MCT_1  model  Plot  Parameters,  Surface  tab  (°C) 


Cross-Section  Plot  Parameters  >  General.  Select  all  of  the  solutions  in  the  Solutions 
to  use  selection  window.  See  Figure  10.70. 

Click  the  Line/Extrusion  tab.  Select  "degC  (°C)"  from  the  Unit  pull-down  list. 
Select  "r"  from  the  x-axis  data  pull-down  list.  Enter  rO  =  0,  and  rl  =0.03.  Enter  zO  =  0.02, 
and  zl  =  0.02.  See  Figure  10.71. 

Click  the  Apply  button,  and  then  click  OK.  See  Figure  10.72. 

Using  the  cross-section  graph,  an  appropriate  power/temperature/distance  profile 
can  be  chosen  for  the  desired  therapy. 

note^  The  plot  lines  of  temperature  on  the  cross-section  graph  are  arranged  in  order 
of  ascending  power  vertically.  As  more  power  is  supplied  to  the  tissue,  more  heat  is 
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I  FIGURE  10.69  2D_Bio_MCT_1  model,  surface  temperature  (°C) 


I  FIGURE  10.70  2D_Bio_MCT_1  model  Cross-Section  Plot  Parameters,  General  tab 
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I  FIGURE  10.71   2D_Bio_MCT_1  model  Cross-Section  Plot  Parameters,  Line/Extrusion  tab 


I  FIGURE  10.72  2D_Bio_MCT_1  model,  temperature  (7")  as  a  function  of  applied  power  vs.  radius  [r] 
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dissipated  in  the  tissue;  accordingly,  the  temperature  rises.  The  graphical  plots  start  at 
2  W  and  ascend  to  10  W  in  0.5 -W  increments. 


2D  Axisymmetric  Microwave  Cancer  Therapy  Model: 

Summary  and  Conclusions  

The  bioheat  equation  is  a  valuable  approach  for  calculating  the  efficacy  of  potential 
treatment  methodologies.  Now  that  the  2D_Bio_MCT_l  model  has  been  successfully 
calculated,  the  modeler  can  determine  the  power  needed  to  reach  the  desired  temper- 
ature for  a  preliminary  estimate  of  an  effective  treatment.  Final  determination  of  the 
veracity  of  the  calculation  will,  of  course,  need  to  be  made  experimentally.  The  liter- 
ature cites  temperatures  that  range  from  42  °C  (315.15  K)5  to  60  °C  (333.15  K).6 

If  the  postulated  method  raises  the  local  temperature  of  the  tumor  cells,  without 
excessively  raising  the  temperature  of  the  normal  cells,  then  the  proposed  method  will 
probably  be  successful.  The  results  (estimated  power  values)  from  the  model  calcula- 
tions will  significantly  reduce  the  effort  needed  to  determine  an  accurate  experimen- 
tal value.  The  guiding  principle  needs  to  be  that  tumor  cells  die  at  elevated 
temperatures. 


■  References 

1 .  H.  H.  Pennes,  J.  Appl.  Physiology,  Vol.  1 ,  No.  2,  August  1948,  pp.  93-122. 

2.  http://en.wikipedia.org/wiki/Bioheat_transfer 

3 .  http://medical-dictionary.thefreedictionary.com/perfusion 

4.  L.  R.  Hirsch  et  al.,  "Targeted  Photothermal  Tumor  Therapy  using  Metal 
Nanoshells",  Proceedings  of  the  Second  Joint  EMBS/BMES  Conference, 
Houston,  TX,  USA,  October  23-26,  2002,  pp.  530-531 . 

5.  L.  R.  Hirsch  et  al.,  Proceedings  of  the  25th  Annual  International  Conference  of 
the  IEEE  EMBS,  Cancun,  Mexico.  September  17-21 ,  2003. 

6.  K.  Saito  et  al.,  "Localized  Heating  by  the  Coaxial-Dipole  Antenna  for  Microwave 
Coagulation  Therapy",  Antennas,  Propagation,  and  EM  Theory,  2000. 
Proceedings  of'ISAPE,  2000,  Beijing,  China,  5th  International  Symposium. 

7.  D.  P.  O'Neal  et  al.,  "Photo-thermal  tumor  ablation  in  mice  using  near  infrared- 
absorbing  nanoparticles",  Cancer  Letters  209  (2004),  pp.  171-176. 

8.  http://www.cancer.gov/cancertopics/factsheet/Therapy/hyperthermia 

9.  http://en.wikipedia.org/wiki/Ohm%27s_law 

1 0 .  http ://en . wikipedia  .org/wiki/Joule %27s_Law 

1 1 .  http://en  .wikipedia  .org/wiki/Minimally_invasive 


Exercises  795 


■  Exercises 

1.  Build,  mesh,  and  solve  the  2D  axisymmetric  tumor  laser  irradiation  model  prob- 
lem presented  in  this  chapter. 

2.  Build,  mesh,  and  solve  the  2D  axisymmetric  microwave  cancer  therapy  model 
problem  presented  in  this  chapter. 

3 .  Explore  other  receptor  materials  as  applied  in  the  2D  axisymmetric  tumor  laser 
irradiation  model. 

4.  Explore  other  materials  as  applied  in  the  2D  axisymmetric  microwave  cancer 
therapy  model. 

5 .  Explore  the  different  geometries  in  the  2D  axisymmetric  tumor  laser  irradiation 
model. 

6.  Explore  the  different  geometries  in  the  2D  axisymmetric  microwave  cancer  ther- 
apy model. 

7.  Explore  the  different  tissues  in  the  2D  axisymmetric  tumor  laser  irradiation 
model. 

8 .  Explore  the  different  tissues  in  the  2D  axisymmetric  microwave  cancer  therapy 
model. 
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2D  Hall_Effect_l  model,  187 
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2D  AC  Generator  model,  static,  574 
Application  Mode  Properties  edit  window 
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2D  concave  mirror  model,  with  PMLs,  775 
2D  dielectric  lens  model,  without 

PMLs,  696 
2D  dielectric  lens  model,  with  PMLs,  682 
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Application  Mode  Properties  window 
2D  Hall  Effect  model,  772 
2D  Hall  Effect  model,  first  variation  on,  188 
2D  Hall  Effect  model,  second  variation  on,  205 
Application  Scalar  Variables  edit  window 
2D  axisymmetric  Inductive_Heating_l 

model,  399 
2D  axisymmetric  Inductive_Heating_2 

model,  420 
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2D  dielectric  lens  model,  with  PMLs,  683 
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physics  boundary  settings 

2D  Axisymmetric  Inductive_Heating_2 
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2D  Axisymmetric  Inductive_Heating_2 

model,  422 
2D  Inductive_Heating_3  model, 
second  variation  on,  W\-\\2 
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conduction  heat  equation  and,  748 
guiding  principle  behind,  749,  765,  770, 

788,794 
laser  beam  energy  and,  749 
physics  boundary  settings, 

2D  axisymmetric  tumor  laser 
irradiation  model,  760-761 
physics  boundary  settings,  2D  axisymmetric 

microwave  cancer  therapy  model,  781 
physics  settings,  2D  axisymmetric  microwave 

cancer  therapy  model,  779-780 
physics  subdomain  settings,  2D  axisymmetric 

tumor  laser  irradiation  model,  758, 760 
value  of,  768-769, 794 
Bioheat  Equation  Application  Mode,  bioheat 

equation  formulation  in,  747-748 
Bioheat  equation  theory,  747-749 
Bioheat  modeling,  defining,  747 
Bioheat  models,  747-794 

2D  axisymmetric  microwave  cancer  therapy 

model,  770-794 
2D  axisymmetric  tumor  laser  irradiation 
model,  749-769 
Biomagnetic  studies,  magnetostatic  modeling 

applied  to,  649 
Bismuth,  as  2D  axisymmetric 

Inductive_Heating_2  model,  second 
variation,  material  of  choice,  434 
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Bismuth  subdomain  3,  2D  axisymmetric 

Inductive_Heating_3  model,  second 
variation  on,  440 
BLK1  edit  window,  3D  thin  layer  resistance 
modeling:  thin  layer  subdomain,  594 
BLK2  edit  window 

3D  thin  layer  resistance  model:  thin  layer 

approximation,  578,  579 
3D  thin  layer  resistance  model:  thin  layer 
subdomain,  595 
BLK3  edit  window,  3D  thin  layer  resistance 

model:  thin  layer  subdomain,  595 
Block  edit  window,  593 
Boltzmann,  Ludwig,  228 
Boundary  check  box,  606,  619 
Boundary  conditions 

COMSOL  ID  telegraph  equation  model,  93 
first  variation  on  COMSOL  ID  telegraph 

equation  model,  99 
second  variation  on  COMSOL  ID  telegraph 

equation  model,  106 
settings 

Kdv  equation  model,  70-71 
specifications  of,  71 
Boundary  Data  Expression  edit  window,  647 
Boundary  Integration  edit  window 

2D  axisymmetric  Thermos_Container_l 

model,  284 
2D  axisymmetric  Thermos_Container_2 

model,  300 
2D  axisymmetric  Thermos_Container_3 
model,  375 
Boundary  Pairs  Value  edit  window,  3D  thin 
layer  resistance  model:  thin  layer 
approximation,  588 
Boundary  plot,  3D  thin  layer  resistance  model: 

thin  layer  approximation,  591 
Boundary  Settings 

Conditions  page,  2D  AC  Generator  Sector 

model,  static,  548 
Conductive  Media  DC  (dc)  edit  window, 

2D  Resistive_Heating_l  model,  337f 
General  Heat  Transfer  Edit  window, 

2D  axisymmetric  cylinder  conduction 
model,  first  variation  on,  246f 


general  heat  transfer  edit  window,  2D 

axisymmetric  heat  conduction  model,  235f 
In_Plane  Electric  Currents  (emqvw) 

edit  window,  2D  electric  impedance 
sensor  model:  basic,  471 
ID  single-pane  heat  flow  model  and,  10-11 
ID  triple-pane,  32? 
physics  settings:  2  TM  waves  (rfwh), 
2D  axisymmetric  microwave  cancer 
therapy  model,  782 
3D  electrostatic  potential  between 

two  cylinders,  616? 
3D  electrostatic  potential  five  cylinders 

model,  627? 
2D  axisymmetric  microwave  cancer  therapy 

model,  781,  783?,  785,  786,  787 
2D  axisymmetric  tumor  laser  irradiation 

model,  760/ 
2D  concave  mirror  model,  without  PMLs,  732 
2D  concave  mirror  model,  with  PMLs,  779 
2D  dielectric  lens  model,  without  PMLs,  699 
2D  dielectric  lens  model,  with  PMLs,  686 
2D  Hall  effect  model,  176-180 
first  variation  on,  194—197 
second  variation  on,  211-214,  21  If 
Weak  Constr.  page,  2D  AC  Generator  Sector 
model,  static,  548 
Boundary  Settings,  Conductive  Media  DC 
(dc)  window 
2D  electrochemical  polishing  model 
first  variation  on,  137? 
second  variation  on,  156? 
Boundary  Settings,  Moving  Mesh  (ALE)  window 
2D  electrochemical  polishing  model,  125? 
first  variation  on,  140? 
second  variation  on,  159,  159? 
Boundary  Settings  Boundary  selection  window, 

ID  single-pane  heat  flow  model,  11 
Boundary  Settings— Conductive  Media  DC 
(dc)  edit  window 
3D  thin  layer  resistance  model:  thin  layer 

approximation,  586? 
3D  thin  layer  resistance  model:  thin  layer 

subdomain,  601? 
2D  Resistive_Heating_2  model,  359 
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Boundary  Settings— Conductive  Media  DC 
(dc)  edit  window,  pairs,  3D  thin  layer 
resistance  model:  thin  layer 
approximation,  586? 

Boundary  Settings— Conductive  Media  DC 
(emdc)  edit  window,  2D  Resistive_ 
Heating_3  model,  second  variation 
on,  379 

Boundary  Settings  edit  window 

3D  electrostatic  potential  between  five 

cylinders  model,  628,  629 
3D  electrostatic  potential  between  two 

cylinders  model,  677,  61 8 
3D  magnetic  field  of  a  Helmholtz  coil 

model,  642,  643 
3D  magnetic  field  of  a  Helmholtz  coil 

with  a  magnetic  test  object 

model,  659 
3D  thin  layer  resistance  model:  thin  layer 

approximation,  586,  587 
3D  thin  layer  resistance  model:  thin  layer 

subdomain,  603,  604 
2D  Axisymmetric  Cylinder_Conduction_l 

model,  237 
2D  Axisymmetric  Inductive_Heating_l 

model,  401?,  402?,  404? 
2D  Axisymmetric  Inductive_Heating_2 

model,  423?,  426?,  427? 
2D  Electric  Impedance  Sensor  model: 

advanced,  486,  487 
2D  Electric  Impedance  Sensor  model:  basic, 

471,  472 

2D  Inductive_Heating_3  model,  second 
variation  on,  444?,  445,  445 ?,  448?, 
449,  450 

Boundary  Settings— General  Heat  Transfer 

edit  window 
2D  Axisymmetric  Cylinder  Conduction 

model,  second  variation  on,  including 

vacuum  cavity,  259? 
2D  Axisymmetric  Thermos_Container_l 

model,  277? 
2D  Axisymmetric  Thermos_Container_2 

model,  293?,  294? 
second  variation  on,  309?,  310? 


Boundary  Settings— Heat  Transfer  by 

Conduction  (ht)  edit  window,  334? 
2D  Resistive_Heating_2  model,  354? 
2D  Resistive_Heating_3  model,  second 
variation  on,  375? 
Boundary  Settings— In-Plane  Electric  Currents 
(emqvw)  edit  window,  2D  electric 
impedance  sensor  model:  advanced,  485? 
Boundary  Settings  window 
blank,  ID  triple-pane,  31 
for  boundary  1,  filled-in  ID  dual-pane,  21 
for  boundary  1,  filled-in  ID  triple-pane,  31 
for  boundary  4,  filled-in  ID  dual-pane,  22 
COMSOL  ID  Telegraph  Equation  model,  93 
first  variation  on,  99?,  700 
second  variation  on,  706,  106? 
KdV  equation  model,  71? 
12  Dual-pane,  27 

2D  axisymmetric  Tumor  Laser  Irradiation 

model,  767,  762 
Brain  function,  2D  electric  impedance 

tomography  research  on,  460, 493 
Breast  cancer,  2D  electric  impedance 

tomography  research  and  detection  of, 

460,493 

c 

CAD  file,  imported,  2D  AC  Generator  Sector 

model,  static,  534 
Calculated  temperature 

ID  dual-pane  analysis  and,  26 
ID  single-pane  analysis  and,  13 
Carnot,  Nicolas  Leonard  Sadi,  228 
Carrier  types,  density  of,  168 
Cartesian  coordinate  systems,  5 

GUI  example  of,  3 
Centigrade  degrees 

analytical  plots  viewed  in,  788 
2D  axisymmetric  Inductive_Heating_2  model 
and  temperature  distribution  in,  431 ,  435 
2D  axisymmetric  Inductive_heating_3  model 

and  temperature  distribution  in,  452 
2D  axisymmetric  Tumor  Laser  Irradiation 
model  and  analytical  plots  viewed 
in,  763 
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2D  Inductive_Heating_l  model  and 

temperature  distribution  in,  408,  410 

2D  Resistive_Heating_l  model  and 
temperature  distribution  in,  339, 
341,542 

2D  Resistive_Heating_2  model  and 

temperature  distribution  in,  361,  364 
2D  Resistive_Heating_3  model  and 

temperature  distribution  in,  383-384, 386 
Circle  creation,  2D  AC  Generator  model, 

static,  507 
Circle  edit  window,  151 

3D  thin  layer  resistance  model:  thin  layer 

approximation,  581 
3D  thin  layer  resistance  model:  thin  layer 

subdomain,  598 
2D  Axisymmetric  Inductive_Heating_l 

model,  397 
2D  Axisymmetric  Inductive_Heating_2 

model,  419? 
2D  Axisymmetric  Tumor  Laser  Irradiation 

model,  754 

2D  Dielectric  Lens  model,  without  PMLs,  693 
2D  Dielectric  Lens  model,  with  PMLs,  680 
2D  Resistive_Heating_l  model,  330 
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pasted,  2D  AC  Generator  model,  static,  507 
rotor  created,  2D  AC  Generator  model, 
static,  508 

two  newly  created,  2D  AC  Generator  model, 
static,  505 
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Generator  model,  static,  502 

Coil 

2D  Axisymmetric  Inductive_Heating_2 

model,  427 
2D  Inductive_Heating_3  model,  446 
COl  (intersection  of  circle  and  square) 
3D  thin  layer  resistance  model:  thin  layer 

approximation,  582 
3D  thin  layer  resistance  model:  thin  layer 
subdomain,  599 
Color  button,  526,  562 

Color  difference,  determining  voltage  difference 
between  upper/lower  surfaces  and,  181 


Color  expression,  ID  dual-pane  window 

solution  set  to  use,  26 
Color  Expression  button,  13 
ID  dual-pane  window,  23 
Color  Range  edit  window 

2D  electric  impedance  sensor  model: 

advanced,  491 
2D  electric  sensor  model:  basic  and  selection 

of,  476 
Color  select  button,  181 
Combined  Heat  Transfer  by  Conduction  (ht) 

boundary  settings,  2D 

Resistive_Heating_2  model,  356 
Complex  AC  theory,  493 
Complex  impedance,  493 
Composite  Object  edit  window,  2D  dielectric 

lens  model,  without  PMLs,  694 
Composite  objects,  2D  AC  Generator  model, 

static,  577 
Computers,  573 

COMSOL  AC/DC  Module  Model  Library, 
636, 652 

COMSOL  2D  electrochemical  polishing  model. 

See  2D  electrochemical  polishing  model 
COMSOL  Heat  Transfer  Module  Model 

Library,  749,770 
COMSOL  KdV  equation  model.  See  KdV 

equation  model 
COMSOL  Material  Library:  searchable 
materials  library 
Materials/Coefficient  Library  search  and/or 

selection  window,  41,  42 
Materials/Coefficient  Library  search  results,  42 
Model  Navigator,  41 
UNSC10100  properties,  43 
COMSOL  Material  Library  Module:  searchable 

materials  library,  40^-3 
COMSOL  Multiphysics,  exported  file  from 
PKS-MPD  directly  imported  into,  57, 
59-60 

COMSOL  Multiphysics  3D  Scalar  Expressions 
window,  with  spherical  coordinate 
transform  equations  entered,  4 

COMSOL  Multiphysics  Electro-Thermal 
Application  Mode,  325 
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COMSOL  Multiphysics  General  Heat  Transfer 

Application  Mode  Model,  229 
COMSOL  Multiphysics  modelers 
guidelines  for,  1-6 

coordinate  systems,  2-5 
hardware  considerations,  1-2 
implicit  assumptions,  5-6 
new,  ID  guidelines  for,  63-64 
coordinate  system,  64 
ID  modeling  considerations,  63-64 
COMSOL  Multiphysics  Model  Library, 

577,613 
COMSOL  Multiphysics  software 
basic  materials  libraries  in,  40 
default  interior  boundary  conditions 

set  in,  36 
installing,  2 

2D  modeling  modes  in,  226 
COMSOL  Multiphysics  telegraph  equation 

model,  90-92 
COMSOL  RF  Module  model  library,  676 
Concave  mirror 

2D  concave  mirror  model,  without  PMLs,  728 
2D  concave  mirror  model,  with  PMLs,  775 
Conduction  heat  equation,  bioheat  equation 

and,  748 
Conductive  Media  DC,  165,  221 
physics  boundary  settings 

3D  thin  layer  resistance  model:  thin  layer 

approximation,  586 
3D  thin  layer  resistance  model:  thin  layer 

subdomain,  601 
2D  Resistive_Heating_l  model,  335,  338 
physics  subdomain  settings 

3D  thin  layer  resistance  model:  thin  layer 

approximation,  583-584 
3D  thin  layer  resistance  model:  thin  layer 

subdomain,  600 
2D  Resistive_Heating_l  model,  334 
Conductivity  Matrix  edit  window,  closing,  175 
Conductivity  matrix  elements,  2D  Hall_Effect_2 

model,  794 
Conductivity  relation  pull-down  list,  173 
Conductivity  type  pull-down  list,  175 
Conservation  of  energy,  495 


Constants 

ID  telegraph  equation  model,  93 

3D  magnetic  field  of  a  Helmholtz  coil  with  a 

magnetic  test  object  model,  652-653 
2D  AC  Generator  model,  static,  499 
2D  AC  Generator  Sector  model,  static,  532 
2D  axisymmetric  Cylinder  Conduction 

model,  second  variation  on,  including 

a  vacuum  cavity,  253 
2D  axisymmetric  Cylinder_Conduction_l 

model,  231 
2D  axisymmetric  Inductive_Heating_l 

model,  396,  398 
2D  axisymmetric  Inductive_Heating_3 

model,  437, 439-440 
2D  axisymmetric  microwave  cancer  therapy 

model,  772 
2D  axisymmetric  Thermos_Container_l 

model,  266 
2D  axisymmetric  Thermos_Container_2 

model,  302 
2D  axisymmetric  Tumor  Laser  Irradiation 

model,  750 
2D  Electric  Impedance  Sensor  model: 

advanced,  477, 479, 481^182 
2D  Electric  Impedance  Sensor  model: 

basic,  464, 466 
2D  Hall  effect  model,  second  variation  on,  206 
2D  Resistive_Heating_l  model,  328 
2D  Resistive_Heating_2  model,  347 
2D  Resistive_Heating_3  model,  368 
Constants  edit  window 

3D  magnetic  field  of  a  Helmholtz  coil  model, 

637,  637 't 
with  a  magnetic  test  object,  652/,  653 
2D  AC  Generator  model 
Generator  Geometry,  500 
static,  500,  500f 

Stator  Geometry  Circles  Creation,  500f 
2D  AC  Generator  Sector  model,  static, 
533,  533/ 

2D  axisymmetric  Cylinder  Conduction  model 
first  variation  on,  242,  242/ 
second  variation  on,  including  a  vacuum 
cavity,  253,  253/ 
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2D  axisymmetric  Cylinder_Conduction_l 

model,  231,  231/ 
2D  axisymmetric  Inductive_Heating_l 

model,  397,  397 / 
2D  axisymmetric  Inductive_Heating_2 

model,  413/,  414 
2D  axisymmetric  Inductive_Heating_3 

model,  438,  438/ 
2D  axisymmetric  Microwave  Cancer 

Therapy  model,  773,  773t 
2D  axisymmetric  Thermos_Container_l 

model,  267,  267/ 
2D  axisymmetric  Thermos_Container_2 

model,  287,  288/,  303,  303/ 
2D  axisymmetric  Tumor  Laser  Irradiation 

model,  751/,  752 
2D  Electric  Impedance  Sensor  model: 

advanced,  478/,  479 
2D  Electric  Impedance  Sensor  model: 

basic,  465/,  466 
2D  Electrochemical  Polishing 
model,  118/ 
first  variation  on,  131/ 
second  variation  on,  148/ 
2D  Hall  effect  model,  772 
first  variation  on,  189/ 
second  variation  on,  206/ 
2D  Hall_Effect_3  model,  206 
2D  Resistive_Heating_l  model,  328,  328/ 
2D  Resistive_Heating_2  model,  348/,  349 
2D  Resistive_Heating_3  model,  369,  369/ 
Constants  specification  window, 

ID  dual  pane,  17 
Constants  window 

ID  telegraph  equation  model,  93/ 
first  variation  on,  99,  99,  105/ 
second  variation  on,  105-111 
Constitutive  relationships  for 

the  medium,  634 
Constraint  name  column,  Periodoc  Boundary 

Conditions  window,  67,  67 
Contact  rectangles 

2D  Hall  effect  model,  191 
second  variation  on,  208 
Contour  check  box,  561 


Contour  lines 

determining  voltage  difference  between 
upper/lower  surfaces  and  incremental 
position  of,  181 
2D  Hall  effect  model,  181 

first  variation  on,  200 
2D  Hall_Effect_3  model  surface  distribution 

plot  with,  219 
2D  Hall_Effect_l  model  surface  voltage 

distribution  plot  with,  184 
2D  Hall_Effect_2  model  surface  voltage 
distribution  with,  207 
Contour  tab,  181 
Coordinate  systems,  2-5 

2D  axisymmetric,  227,  227-228 
in  ID  models,  64 
in  2D  models,  114-115 
Copper 

PKS-MPD  Composition  materials  selection 

page  for,  52 
PKS-MPD  Composition  percentage  selection 

added  page  for,  51 
PKS-MPD  Composition  percentage  selection 

page  for,  50 
PKS-MPD  Composition  selection  added  page 

for,  50 

PKS-MPD  Composition  selection  page  for,  49 
PKS-MPD  Materials  selected  verification 

page  for,  56 
PKS-MPD  Materials  selection  Print  Preview 

page  1  for,  54 
PKS-MPD  Materials  selection  Print  Preview 

page  2  for,  55 
PKS-MPD  Materials  selection  Properties 

display  page  for,  53,  55,  56 
PKS-MPD  Materials  selection 

properties  for,  58 
PKS-MPD  Materials  selection  Tensile 

Strength  display  page  for,  57 
PKS-MPD  Print  Materials  selection 

page  for,  52 

Copper  connecting  bars,  in  Resistive_Heating_2 

model,  345,  367 
Copper  file,  selection  of,  as  library  to  be  added 

in  PKS-MPD,  59 
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Copy  Mesh  button,  2D  AC  Generator  Sector 

model,  static,  553 
Corrosion  films,  572 
Coulomb,  Charles -Augustin  de,  115,  611 
Coulomb  gauge,  636 

Coupling  variables,  2D  AC  Generator  Sector 

model,  static,  542 
Create  Composite  Object 

intersection  (COl ,  C03),  2D  AC  Generator 

Sector  model,  static,  536 
intersection  (C02,  COl),  2D  AC  Generator 
Sector  model,  static,  536 
Create  Composite  Object  edit  window 
3D  electrostatic  potential  between  five 

cylinders  model,  626 
3D  electrostatic  potential  between  two 

cylinders  model,  675 
2D  AC  Generator  model,  static,  503, 
504,  510 

2D  axisymmetric  Cylinder  Conduction 

model,  second  variation  on,  including  a 

vacuum  cavity,  256 
2D  axisymmetric  Inductive_Heating_2 

model,  415,  416,  417,  418,  421 
2D  axisymmetric  Microwave  Cancer  Therapy 

model,  775,  777 
2D  axisymmetric  Thermos_Container_l 

model,  272 
2D  axisymmetric  Tumor  Laser  Irradiation 

model,  755 
2D  Concave  Mirror  model,  without 

PMLs,  727 
2D  Concave  Mirror  model,  with  PMLs,  772 
2D  Dielectric  Lens  model,  with  PMLs,  680 
2D  Electric  Impedance  Sensor  model: 

advanced,  481 
2D  Resistive_Heating_l  model,  331 
2D  Resistive_Heating_2  model,  350 
2D  Resistive_Heating_3  model,  371 
Create  Composite  object  result, 

2D  Electric  Impedance  Sensor  model: 

advanced,  482 
Create  Composite  Object  window 

3D  thin  layer  resistance  model:  thin  layer 

approximation,  587 


3D  thin  layer  resistance  model:  thin  layer 

subdomain,  598 
2D  Hall_Effect_2  model,  797 
2D  Hall_Effect_3  model,  208 
Create  Pairs  button,  on  Draw  toolbar,  536,  537 
Create  Pairs  edit  window,  3D  thin  layer 
resistance  model:  thin  layer 
approximation,  584 
Cross-section  field  analysis 
Slice  tab,  665-666 

3D  magnetic  field  of  a  Helmholtz  coil 
model,  648-649 
Cross-Section  Line  Data  edit  window 

2D  Hall  effect  model,  first  variation  on,  202f 
2D  Hall  effect  model,  second  variation  on,  217? 
Cross-Section  Line  Data  parameters,  609? 
Cross-Section  Line  Data  Parameters,  3D  thin 
layer  resistance  model:  thin  layer 
approximation,  592? 
Cross-Section  Parameters 
General  page 

2D  Hall_Effect_l  model,  184 
2D  Hall_Effect_3  model,  279 
Line/Extrusion  page 

2D  Hall  effect  model,  785 
Cross-Section  Plot,  649, 665 

3D  magnetic  field  of  a  Helmholtz  coil 
model,  657 
Cross-section  plot  line 

solution  plot  with,  3D  magnetic  field  of  a 
Helmholtz  coil  with  a  magnetic  test 
object  model,  669 
3D  magnetic  field  of  a  Helmholtz  coil 
model,  657 
Cross-Section  Plot  Parameters 
General  edit  window 

2D  Resistive_Heating_l  model,  343 
2D  Resistive_Heating_2  model,  364 
2D  Resistive_Heating_3  model,  386 
General  tab 

2D  axisymmetric  Microwave  Cancer 
Therapy  model,  792 
Line/Extrusion  tab 

2D  axisymmetric  Microwave  Cancer 
Therapy  model,  793 
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Point  edit  window 

2D  Resistive_Heating_l  model,  344 
2D  Resistive_Heating_2  model,  365 
2D  Resistive_Heating_3  model,  387 
Cross-Section  Plot  Parameters 
edit  window,  609 
3D  magnetic  field  of  a  Helmholtz  coil  with 

a  magnetic  test  object  model,  668 
3D  thin  layer  resistance  model:  thin  layer 
approximation,  592 
Cross-Section  Plot  Parameters  page, 

exact  voltage  difference  at  any  point 
in  model  and,  183 
Crucible 

coil  and,  2D  axisymmetric 

Inductive_Heating_2  model,  420 
coil  with  rectangle  and,  2D  axisymmetric 

Inductive_Heating_3  model,  439 
heated,  inductively  produced  heating  applied 
to,  Inductive_Heating_2  model,  454-455 
2D  axisymmetric  Inductive_Heating_2 
model,  41 8 
Cylinder  conduction,  229 
Cylinder  conduction  model,  228 
Cylinder  CYL1  edit  window,  674 

3D  electrostatic  potential  between  five 
cylinders  model,  624 
Cylinder  CYL2  edit  window,  674 

3D  electrostatic  potential  between  five 
cylinders  model,  624 
Cylinder  CYL3  edit  window,  3D  electrostatic 
potential  between  five  cylinders 
model,  625 

Cylinder  CYL4  edit  window,  3D  electrostatic 
potential  between  five  cylinders 
model,  625 

Cylinder  CYL5  edit  window,  3D  electrostatic 
potential  between  five  cylinders 
model,  625 
Cylinder  rectangle 

2D  axisymmetric  Cylinder_Conduction_l 

model,  232 
2D  axisymmetric  Cylinder_Conduction_2 
model,  243 
Cylindrical  coordinates,  316 


D 

Darcy's  law,  577,  592 

DC,  intrinsic  nature  of,  494, 495 

DC  electrical  power  generation 

and  distribution  systems,  Edison 
and  development/commercialization 
of,  494 

DC  power  transmission  system,  496 
DC  realm,  expanding  modeling  calculations 
from,  462 

Default  values,  ID  dual-pane  window  solution 

plotted  with,  24 
Deformed  mesh,  165 

inverted  mesh  element  warning  and, 
144, 163 

Density,  heat  conduction  calculation  and,  234 
Dependent  variables 

case  changes,  2D  AC  Generator  Sector 

model,  static,  532 
in  3D  transient  solution  model,  573 
transient  (or  time-dependent)  models,  460 
changes  in,  390 
de  Vries,  Gustav,  65 
Dewar,  Sir  James,  265 
Dielectric  lens,  optics  principles  and,  676 
Dielectric  lens  (COl),  2D  Dielectric  Lens 

model,  without  PMLs,  695 
Difference  command,  2D  AC  Generator  model, 

static,  502,  509 
Dirichlet  boundary  conditions,  71 
Domain  Plot  Parameters,  Point  tab, 

2D  axisymmetric  Tumor  Laser 

irradiation  model,  767 
Domain  Plot  Parameters  edit  window, 

2D  AC  Generator  model, 

transient,  528 
Domain  plus  PMLs,  2D  concave  mirror 

model,  with  PMLs,  714 
Dual-carrier  systems,  170 
Dual-pane  windows 

comparison  of  single-  and  triple-pane 

windows  with,  35t 
modeling,  16-17 
Dust  precipitators,  3D  electrostatic  potential 

models  and,  612,  622, 633 
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E 

Eddy  currents 

discovery  of,  392 

inductive  heating  model  and,  322 
Edison,  Thomas  Alva,  494 
Electric  (AC/DC)  Materials  Properties 

Library,  513 
Electrical  impedance  theory,  461^-64 
Electrical  impedance  tomography,  460 
Electrical  resistance  divider,  touch  screen 
and,  574 

Electrical  resistance  theory,  573-575 
Electrical  resistance  tomography,  defined,  460 
Electrical  resistivity  tomography,  460 
Electric  currents  and  solids,  history  behind  our 

understanding  of,  324-325,  391-393 
Electric  field,  z-component 

2D  Concave  Mirror  model,  without  PMLs,  737 
2D  Concave  Mirror  model,  with  PMLs,  723 
2D  Dielectric  Lens  model,  without  PMLs,  703 
Electric  field  plot,  z-component,  0.5  m 

2D  Concave  Mirror  model,  without  PMLs,  740 
2D  Dielectric  Lens  model,  without 
PMLs,  704,  705 
Electric  field  plot,  z-component,  1 .0  m 

2D  Concave  Mirror  model,  without  PMLs, 
741,  742 

2D  Dielectric  Lens  model,  without  PMLs, 

705,  706 

Electric  field  plot,  z-component,  1 .5  m 

2D  Concave  Mirror  model,  without  PMLs, 

743,  744 

2D  Dielectric  Lens  model,  without  PMLs, 

706,  707 

Electric  field  plot,  z-component,  2D  Concave 

Mirror  model,  without  PMLs,  739 
Electricity,  history  behind  science  of,  115 
Electric  potential  plot  cross-section 

3D  thin  layer  resistance  model:  thin  layer 

approximation,  593,  610 
3D  thin  layer  resistance  model:  thin  layer 
subdomain,  611 
Electrochemical  polishing  (electropolishing) 

technique,  115,  116,  117,  154 
Electromagnetic  induction,  493 


Electromagnetic  wave  equation  calculations, 
fundamental  difficulties  related  to,  671 

Electromotive  force,  transformed  AC  power 
and, 497 

Electronic  device  structures,  fabricating, 

203-204 
Electronic  lock  pads,  573 
Electrons 

n-type,  in  semiconductors,  203 
in  solids,  168 
Electrostatic  field  mapping,  572 
Electrostatic  generator,  invention  of,  61 1 
Electrostatic  modeling  basics,  611-612 
Electrostatic  scalar  potential  (V),  relationship 

to  electric  field  vector  (E),  611-612 
Electrostatics  (es) 

physics  boundary  settings 

3D  electrostatic  potential  between 

five  cylinders  model,  627 
3D  electrostatic  potential  between 
two  cylinders  model,  616 
physics  subdomain  settings 

3D  electrostatic  potential  between 

five  cylinders  model,  627 
3D  electrostatic  potential  between 
two  cylinders  model,  616 
Electrostatics  problems,  complexity 

and  difficulty  of,  618 
Electro-Thermal  Application  Mode.  See 

COMSOL  Multiphysics  Electro-Thermal 
Application  Mode 
Electro-thermal  coupling,  455 
Ellipse,  points  added  to  in  2D  Electric 

Impedance  Sensor  model:  advanced, 
482,  483 
Ellipse  edit  window 

2D  axisymmetric  Thermos_Container_l 

model,  268/ 
2D  Concave  Mirror  model,  without  PMLs,  726 
2D  Concave  Mirror  model,  with  PMLs,  777 
2D  Electric  Impedance  Sensor  model: 
advanced,  480 
Ellipsoid  edit  window,  3D  magnetic  field  of  a 
Helmholtz  coil  with  a  magnetic  test 
object  model,  656 
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EMB1  and  BLK1  selected 

3D  thin  layer  resistance  model:  thin  layer 

approximation,  584 
3D  thin  layer  resistance  model:  thin  layer 
subdomain,  601 
Embed  edit  window 

3D  thin  layer  resistance  model:  thin  layer 

approximation,  582 
3D  thin  layer  resistance  model:  thin  layer 
subdomain,  599 
EMB1  on  top  of  block  BLK2,  3D  thin  layer 
resistance  model:  thin  layer 
approximation,  583 
EMB1  on  top  of  block  BLK3,  3D  thin  layer 
resistance  model:  thin  layer 
subdomain,  600 
EMF.  See  Electromotive  force 
Equation  of  continuity,  634 
Errors,  common  sources  of,  37-38 
Expression  radio  button,  590,  607 
Exterior  temperature 

ID  dual-pane  analysis,  26,  27 
ID  single-pane  analysis,  13, 15 
ID  triple-pane  window  analysis,  34 
Extrinsic  conduction  mode,  204 

F 

Faraday,  Michael,  115, 493 
Faraday's  law  of  induction,  530 
FDTD  electromagnetic  modeling 

calculations,  671 
FEM.  See  Finite  Element  Method 
Finite-difference  time-domain  electromagnetic 

modeling  calculations.  See  FDTD 

electromagnetic  modeling  calculations 
Finite  Element  Method,  COMSOL  Multiphysics 

software  based  on,  8 
First  approximation  result  models,  323 
First-cut  solution,  6 

First  estimate  review  of  conditions  of  use,  572 
First  principles  analysis,  applying  to  model 

definition,  35-37 
Fixed- volume  impedance  difference, 

in  basic  2D  Electric  Impedance  Sensor 

model,  492 


Floating  contacts ,  1 7 1 ,  1 96 , 208 ,  2 1 1 ,  22 1 
Fluctuating  difference  volume,  in  advanced 
2D  Electric  Impedance  Sensor 
model,  492 
Fluctuating  parameters,  validity  of  model 

and, 635 
Foucault,  Leon,  391,392 
Foucault  currents,  392 
Fourier,  Jean  Baptiste  Joseph,  229,  326 
Fourier's  analysis,  462 
Fourier's  law,  229,  326 
Four-wire  touch  screen  technology,  574 
Free  Mesh  Parameters 

Boundary  page,  2D  AC  Generator  Sector 

model,  static,  552 
Global  tab,  2D  axisymmetric  Microwave 

Cancer  Therapy  model,  787 
subdomain,  2D  Dielectric  Lens  model,  with 

PMLs,  687 
subdomain  3,  2D  axisymmetric  Microwave 

Cancer  Therapy  model,  788 
2D  axisymmetric  Tumor  Laser  Irradiation 
model,  762 

2D  Concave  Mirror  model,  without  PMLs,  733 
2D  Concave  Mirror  model,  with  PMLs,  719 
2D  Dielectric  Lens  model,  without  PMLs,  699 
Free  mesh  parameters,  165,  317,  388 
Free  Mesh  Parameters  edit  window 
General  tab 

3D  magnetic  field  of  a  Helmholtz  coil 

model,  643 
3D  magnetic  field  of  a  Helmholtz  coil  with 
a  magnetic  test  object  model,  660 
Subdomain  (2,  3)  tab,  3D  magnetic  field  of 
a  Helmholtz  coil  with  a  magnetic  test 
object  model,  667 
Subdomain  (4)  tab 

3D  magnetic  field  of  a  Helmholtz  coil  with 
a  magnetic  test  object  model,  667 
Subdomain  tab,  3D  magnetic  field  of  a 

Helmholtz  coil  model,  644 
3D  electrostatic  potential  between  five 

cylinders  model,  629 
3D  electrostatic  potential  between  two 
cylinders  model,  618 
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Free  Mesh  Parameters  edit  window  (continued) 
3D  thin  layer  resistance  model:  thin  layer 

subdomain,  604 
2D  AC  Generator  model,  static,  579 
2D  AC  Generator  Sector  model,  static,  552 
2D  axisymmetric  Thermos_Container_l 

model,  280 
2D  axisymmetric  Thermos_Container_2 

model,  296 
2D  axisymmetric  Thermos_Container_3 

model,  312 
2D  Electric  Impedance  Sensor  model: 

advanced,  488 
2D  Electric  Impedance  Sensor  model: 

basic,  473 
Free  Mesh  Parameters  window,  80 

2D  electrochemical  polishing  model,  742 
KdV  equation  model,  72 

second  variation  on,  86 
2D  Resistive_Heating_3  model,  382 
Free  mesh  (quad),  2D  Electrochemical  Polishing 

model,  143 
second  variation  on,  762 

G 

Gauge  fixing,  636 

Gauge  transformation,  choosing,  636 
Gauss,  Johann  Carl  Friedrich,  611 
Gauss's  law,  612 

General  Plot  Parameters  window,  ID  single-pane 

heat  flow  model,  12, 14 
Generator  and  power  distribution  basics,  493^-98 
Generator  sector,  created  one-eighth  (C03,  C04), 
2D  AC  Generator  Sector  model,  static,  537 
Generator  Sector  Geometry,  2D  AC  Generator 

Sector  model,  static,  532 
Geometric  assembly  (pair  creation  across  a 

boundary),  529,  568 
Geometry 

2D  Hall  effect  model,  189 
second  variation  on,  206-207 
Geometry  Circles 

Copy,  Rotate,  and  Paste,  2D  AC  Generator 

model,  static,  506/ 
Creation,  2D  AC  Generator  model,  static,  505/ 


Geometry  components 

3D  electrostatic  potential  between 

five  cylinders  model,  623 1 
3D  electrostatic  potential  between  two 

cylinders  model,  613f 
3D  magnetic  field  of  a  Helmholtz  coil 

model,  638/ 
3D  magnetic  field  of  a  Helmholtz  coil  with 

a  magnetic  test  object  model,  654/ 
3D  thin  layer  resistance  model:  thin  layer 

approximation,  578/ 
3D  thin  layer  resistance  model :  thin  layer 

subdomain,  594/ 
2D  axisymmetric  Microwave  Cancer  Therapy 

model,  774/,  776/,  778/ 
2D  axisymmetric  Tumor  Laser  Irradiation 

model,  752/ 
2D  Concave  Mirror  model,  with  PMLs,  708/ 
2D  Dielectric  Lens  model,  with  PMLs,  677f 
Geometry  edges  check  box,  662 
Geometry  modeling 

3D  electrostatic  potential  between 

five  cylinders  model,  623 
3D  electrostatic  potential  between 

two  cylinders  model,  613,615 
3D  magnetic  field  of  a  Helmholtz  coil  model, 

638-639 

3D  magnetic  field  of  a  Helmholtz  coil  with  a 

magnetic  test  object  model,  653-655 
3D  thin  layer  resistance  model:  thin  layer 

approximation,  578 
3D  thin  layer  resistance  model:  thin  layer 

subdomain,  593,  595-596,  598-600 
2D  axisymmetric  Microwave  Cancer  Therapy 

model,  772, 774,  776,  778, 779 
2D  axisymmetric  Tumor  Laser  Irradiation 

model,  750, 753-755 
2D  Concave  Mirror  model,  without  PMLs, 

725,727 

2D  Concave  Mirror  model,  with  PMLs,  707, 
710,712 

2D  Dielectric  lens  model,  without  PMLs, 
693-694 

2D  Dielectric  Lens  model,  with  PMLs, 
677-678, 681 
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Geometry  Rectangles  Creation,  2D  AC 

Generator  model,  static,  502f 
Geom2  work-plane 

3D  thin  layer  resistance  model:  thin  layer 

approximation,  580 
3D  thin  layer  resistance  model:  thin  layer 
subdomain,  597 
Geophysics,  electrical  resistance  tomography 
and, 460 

Germanium,  semiconductor  carrier  types  and,  203 
Gilbert,  William,  115 

Global  Equations,  physics  settings,  2D  AC 

Generator  Sector  model,  static,  551 
Global  Equations  edit  window,  2D  AC 

Generator  Sector  model,  static,  557,  55  k 
Global  Expressions,  2D  AC  Generator  Sector 

model,  static,  538 
Global  Expressions  edit  window,  2D  AC 

Generator  Sector  model,  static,  538, 

538?,  539 

Global  variables  plot,  2D  AC  Generator  Sector 

model,  transient,  566 
Global  Variables  Plot  edit  window,  2D  AC 

Generator  Sector  model,  transient,  565 
GMRES  (iterative  solver),  618,  619, 630 
Good  first  approximation,  323,  388, 454, 455, 748 
Graphical  user  interface,  2 
Grid  edit  window,  2D  Axisymmetric 

Inductive_Heating_l  model,  395?,  396 
Group  index  designation,  floating  contact 

couples  and,  176 
GUI.  See  Graphical  user  interface 

H 

Hall,  Edwin,  169 

Hall  coefficient  (7?H),  170 

Hall  effect,  115 

discovery  of,  169 
Hall  effect  model.  See  also  2D  Hall  effect  model 

implicit  assumptions  in,  170 
Hall  effect  sensor  geometry,  electron  flow,  770 
Hall  effect  sensors 

applications  of,  171 

magnetostatic  modeling  applied  to,  649 
Hall  effect  voltage,  181,  200 


Hall  voltage  (VH),  169,  170 
Hard  nonlinear  magnetic  materials,  529,  568 
Hardware,  selecting,  for  successful  modeling,  1-2 
Heat  capacity,  heat  conduction  calculation 
and, 234 

Heat  conduction  theory,  228-229,  316,  325-326 

Heater  bar  assembly 

2D  Resistive_Heating_2  model,  357 
2D  Resistive_Heating_3  model,  372 

Heat  flow  indicator,  ID  triple-pane  window 
with,  36 

Heat  flux 

demonstrating,  2D  Resistive_Heating_l 

model,  341 
2D  Resistive_Heating_3  model,  388 
Heat  transfer,  434.  See  also  Bioheat  models 
general,  physics  boundary  settings 

2D  axisymmetric  Cylinder  Conduction 

model,  first  variation  on,  245 
2D  axisymmetric  Cylinder  Conduction 

model,  second  variation  on,  including 

vacuum  cavity,  259 
2D  Axisymmetric  Inductive_Heating_2 

model,  427 
2D  axisymmetric  Thermos_Container_l 

model,  277, 279 
2D  axisymmetric  Thermos_Container_2 

model,  293-294,  296 
2D  Resistive_Heating_3  model,  375 
general,  physics  subdomain  settings 
2D  axisymmetric  Cylinder  Conduction 

model,  first  variation  on,  245 
2D  axisymmetric  Cylinder  Conduction 

model,  second  variation  on,  including  a 

vacuum  cavity,  256 
2D  axisymmetric  Cylinder_Conduction_l 

model,  233-234 
2D  Axisymmetric  Inductive_Heating_2 

model,  426 
2D  axisymmetric  Thermos_Container_l 

model,  274 
2D  axisymmetric  Thermos_Container_2 

model,  289-290,  305-306 
2D  Inductive_Heating_3  model,  446 
2D  Resistive_Heating_3  model,  371-372 
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Heat  transfer  (continued) 
history  behind,  228 

as  important  design  consideration,  227 
modeling,  229 
Heat  transfer  by  conduction 
physics  boundary  settings 

2D  Resistive_Heating_l  model,  334 
2D  Resistive_Heating_2  model, 
353-354 
physics  subdomain  settings 

2D  Resistive_Heating_l  model,  332 
2D  Resistive_Heating_2  model, 
352-353 

Heat  Transfer  by  Conduction  Application 

Mode,  326,  371 
Heat  transfer  coefficients,  317 
Heat  transfer  coefficient  window, 

ID  single-pane  heat  flow  model,  11 
Heat  Transfer  Module,  228,  316 
bioheat  equation  and,  747 
2D  axisymmetric  Cylinder  Conduction 

model,  first  variation  on,  240 
Heat  Transfer  Module  Model  Library, 

229, 265 
Heaviside,  Oliver,  90, 462 
Helmholtz  coil,  635,  666 

3D  magnetic  field  of  a  Helmholtz 

coil  model  and  creation  of,  638 
Helmholtz  coil  model,  572 
Helmholtz  coil  pair 

3D  magnetic  field  of  a  Helmholtz  coil 

model,  640 
3D  magnetic  field  of  a  Helmholtz 

coil  model  and  uniformity  of,  649 
3D  magnetic  field  of  a  Helmholtz 

coil  with  a  magnetic  test  object 

model,  656 
Helmholtz  coil  pair,  sphere,  and  magnetic 

ellipsoid,  3D  magnetic  field  of  a 

Helmholtz  coil  with  a  magnetic  test 

object  model,  657 
Helmholtz  coil  pair  and  sphere,  3D  magnetic 

field  of  a  Helmholtz  coil  model,  641 
High-frequency  currents,  2D  electric  impedance 

sensor  models  and,  460, 492 


Hole,  block  with,  2D  Resistive_Heating_l 
model,  331 

Holes 

p-type,  in  semiconductors,  203 
in  solids,  168 
Hyperthermic  oncology,  769 

I 

Identity  Boundary  Pairs  window,  2D  AC 

Generator  Sector  model,  static,  538 

Identity  pair,  3D  thin  layer  resistance  model: 
thin  layer  approximation,  585 

Identity-pair-contact  resistance  approximation, 
in  3D  thin  layer  resistance  model: 
thin  layer  approximation,  586-587 

Imbalance-offset  geometry,  221 

Impedance 

resistance  mapped  into,  462 
single  frequency  analysis  of,  462 

Import  button,  534 

Import  CAD  Data  From  File  select  window, 
2D  AC  Generator  Sector  model, 
static,  533 
Induced  Voltage  vs.  Time  view,  2D  AC 

Generator  model,  transient,  527,  529 
Induction  heating  equations,  392-394 
Inductive  heating  model,  322 
Industrial  process  imaging,  electrical  resistance 

tomography  and,  460 
Information  transmission,  measurement  of  a 

difference  and,  77 
Init  button,  in  ID  single-pane  heat  flow 

model,  9 
Initial  Conditions  window 
KdV  equation  model,  71? 
first  variation  on,  79? 
second  variation  on,  85 
ID  telegraph  equation  model,  94? 
first  variation  on,  101? 
second  variation  on,  107? 
Initialized  mesh 

ID  dual-pane  window  with  air  gaps,  23 
ID  triple-pane  window  with  air  gaps,  32 
Initialize  Mesh  button,  125,  235,  338, 
360,450 
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In-Plane  Electric  Currents  (emqvw) 
physics  boundary  settings 

2D  Electric  Impedance  Sensor  model: 

advanced,  484 
2D  Electric  Impedance  Sensor  model: 

basic,  470, 472 
physics  subdomain  settings 

2D  Electric  Impedance  Sensor  model: 

advanced,  484 
2D  Electric  Impedance  Sensor  model: 

basic,  470 
In-Plane  TE  waves  (rfweh) 

physics  application  mode  properties 
2D  Concave  Mirror  model, 

without  PMLs,  727 
2D  Concave  Mirror  model, 

with  PMLs,  714 
2D  Dielectric  Lens  model, 

without  PMLs,  696 
2D  Dielectric  Lens  model,  with  PMLs,  682 
physics  application  scalar  variables 
2D  Concave  Mirror  model, 

without  PMLs,  730 
2D  Concave  Mirror  model,  with  PMLs,  714 
2D  Dielectric  Lens  model, 

without  PMLs,  697 
2D  Dielectric  Lens  model,  with  PMLs,  683 
physics  boundary  settings 
2D  Concave  Mirror  model, 

without  PMLs,  732 
2D  Concave  Mirror  model,  with  PMLs,  718 
2D  Dielectric  Lens  model, 

without  PMLs,  698 
2D  Dielectric  Lens  model,  with  PMLs,  686 
physics  subdomain  settings 
2D  Concave  Mirror  model, 

without  PMLs,  730 
2D  Concave  Mirror  model, 

with  PMLs,  714 
2D  Dielectric  Lens  model, 

without  PMLs,  697 
2D  Dielectric  Lens  model, 

with  PMLs,  683-685 
Interchange  source  and  destination  button, 

538,535 


Interior  temperature 

ID  dual-pane  analysis  and,  26,  27 
ID  single-pane  analysis  and,  13,  15 
ID  triple-pane  analysis  and,  34 

Intersection  command,  2D  AC  Generator 
model,  static,  502, 509 

Intrinsic  conduction  mode,  203 

Inverted  mesh  element  warning,  144,  163 

Ions,  in  solids,  168 

J 

Joule,  James  Prescott,  228,  324,  391 

Joule  heating,  322,  388, 434, 454 

device  design  considerations  and,  324,  391 
modern,  importance  of,  326,  346,  367,  394, 
411,434 

Joule  Heating  in  Conductive  Media  DC 

Application  Mode,  326,  371 
Joule's  law,  391,  392, 455, 494, 495,  770 

K 

KdV  equation,  64-65 

in  standard  notation  and  formula  in  COMSOL 
documentation,  65 
KdV  equation  model 

boundary  conditions  settings,  70-71 
defining  fundamental  physics  conditions,  67-69 
first  variation  on,  77-83 

changing  subdomain  settings,  77-79 

Free  Mesh  Parameters  window,  80 

Initial  Conditions  window,  79 

mesh  generation,  79 

model  solution,  82 

model  solution,  Animate  page,  83 

Open  Model  window,  78 

postprocessing  animation,  82-83 

Remeshed  model,  80 

scalar  expressions,  77 

Scalar  Expressions  window,  78 

Solve  Parameters  window,  81 

Solver  Parameters  window,  Time  Stepping 

page,  81 
solving,  79-82 
Subdomain  Settings  window, 
PDE  coefficients,  79? 
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KdV  equation  model  (continued) 
Free  Mesh  Parameters  window,  72 
initial  condition  for,  65 
Initial  Conditions  window,  71/ 
KdV  model  solution,  Animate  page,  76 
KdV  model  solution  Plot  Parameters 

Window,  Line  page,  76 
Meshed  model,  72 
mesh  generation,  72 

ID  Axis/Grid  Settings  window  (x),  66,  88 
1 D  geometry  for,  66,  66-67 
periodic  boundary  condition  settings,  67 
Periodic  Boundary  Conditions  window,  67 

Destination  page,  69 

Destination  page,  boundary  2,  68 

Destination  Vertices  page,  vertex  2,  69 

Source  page,  67 

Source  page,  boundary  1 ,  variable  u2,  69 

Source  Vertices  page,  70 

Source  Vertices  page,  vertex  1 ,  68 
postprocessing,  75 
second  variation  on,  83-90 

Animate  page,  89 

changing  subdomain  settings,  85-86 

Free  Mesh  Parameters  window,  86 

Initial  Conditions  window,  85/ 

mesh  generation,  86 

model  solution,  89 

Open  Model  window,  84 

postprocessing  animation,  88 

remeshed  model,  87 

scalar  expressions,  84 

Scalar  Expressions  window,  85 

Solver  Parameters  window,  87 

Solver  Parameters  window,  Time  Stepping 

page,  88 
solving,  86,  88 

Subdomain  Settings  window,  PDE 
coefficients,  85? 
Solver  Parameters  window,  73 
Solver  Parameters  window,  Time  Stepping 

page,  74 
solving,  72,  75 

negated  KdV  model  solution,  74 
start  building,  65-70 


subdomain  settings,  71 
Subdomain  Settings  window, 

PDE  coefficients,  71/ 
summary  and  conclusions  about,  90 
viewing  solution  to,  as  an  animation,  75,  76 
Keep  interior  boundaries  check  box,  754, 
774, 776 
2D  AC  Generator  model,  502,  503 
static,  509, 510 
Kennelley,  Arthur  E.,  462 
Kittel,  Charles,  168 
Korteweg,  Diederik,  65 

L 

Lagrange-quartic  choice,  verifying,  772 

Laplace,  Pierre-Simon  de,  612 

Laplacian  operator,  uses  for,  612 

Large  dimensional  fields,  572 

Laser  beam  energy,  bioheat  equation  and,  749 

Length  semiaxes  edit  windows,  655 

Line,  closed  polyline  (solid)  edit  window,  535 

Line  Color  Expression  window,  13, 15 

Line  Data  edit  window,  2D  Hall  effect  model,  185/ 

Line  edit  window,  2D  axisymmetric  Microwave 

Cancer  Therapy  model,  778 
Line/Extrusion  plot  radio  button,  590, 607, 

649,665 

Line  specification  window,  ID  dual  pane,  for 

left  pane,  17 
Line  window,  ID  dual-pane  window,  25 
linspace  command,  2D  Electric  Impedance 

Sensor  model:  advanced  and  solver,  489 
Load  button,  717,  731 

Subdomain  Settings  page,  COMSOL  Material 

Library,  40 
Lorentz  force,  169,  170 

Low  dimensionality  geometric  choices,  making,  5 
Lung  function,  2D  electric  impedance 

tomography  research  on,  460, 493 

M 

Magnetic  ellipsoid,  sphere,  and  Helmholtz 
coil  pair,  3D  magnetic  field  of  a 
Helmholtz  coil  with  a  magnetic  test 
object  model,  657 
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Magnetic  field,  obtaining  graphical  plot  of, 

in  3D  magnetic  field  of  a  Helmholtz 

coil  model,  648-649 
Magnetic  flux  density  and  magnetic  potential, 

2D  AC  Generator  model,  transient,  528 
Magnetic  flux  density  and  magnetic  potential, 

z  component,  2D  AC  Generator  Sector 

model,  transient,  565 
Magnetic  vector  potential  (A)  with  z 

component,  in  static  and  transient 

sector-based  models,  530 
Magnetism,  115 

Magnetometers,  magnetostatic  modeling 

applied  to,  649 
Magnetostatic  field  mapping,  572 
Magnetostatic  models 

applications  for,  649,  666 

basics,  634-635 

relationships  between  potentials  and  fields,  635 
Magnetostatics  (emqa) 
physics  boundary  settings 

3D  magnetic  field  of  a  Helmholtz  coil 

model,  642 
3D  magnetic  field  of  a  Helmholtz  coil  with 
a  magnetic  test  object  model,  659 
physics  subdomain  settings 

3D  magnetic  field  of  a  Helmholtz  coil 

model,  641 
3D  magnetic  field  of  a  Helmholtz  coil  with 
a  magnetic  test  object  model,  658 
Mass  action  law,  electron  and  hole  carrier 

densities  and,  204 
Materials  and  databases,  39-61 

COMSOL  Material  Library  module: 

searchable  materials  library,  40^-3 
guidelines  and  considerations,  39^-0 
Mat  Web:  searchable  materials  properties 

website,  43^17 
PKS-MPD:  searchable  materials  properties 
database,  48-61 
Materials/Coefficients  Library 
copper 

2D  Concave  Mirror  model, 

without  PMLs,  731 
2D  Concave  Mirror  model,  with  PMLs,  717 


edit  page,  PKS-MPD,  58,  59 
load  window 

2D  AC  Generator  model,  static,  575 
2D  AC  Generator  Sector  model,  static,  544 
UNS  C10100  defined  properties,  first  half,  44 
UNS  C10100  defined  properties, 
second  half,  44 
Materials/Coefficients  Library  window,  2D  AC 

Generator  model,  static,  514 
Materials  selected  page,  PKS-MPD,  60 
Materials  selected  Properties  page,  PKS-MPD,  61 
Materials  selection  and  definition,  importance 
of,  39 

Matrix  Elements  edit  window,  175? 

2D  Hall  effect  model,  first  variation  on,  192? 
2D  Hall  effect  model,  second  variation  on,  210/ 
MatWeb:  searchable  materials  properties 
website,  43-48 
access  classes,  43, 45,  45 
MatWeb  membership  level  features  comparison 
page,  45 

MatWeb  metal  alloy  UNS  C10 100  selection,  46 

MatWeb  Metal  Alloy  UNS  Number  search 
selection  page,  46 

MatWeb  properties  of  UNS  C10 100,  oxygen- 
free  electronic-grade  copper,  48 

MatWeb  search  results  for  UNS  C10100, 

oxygen-free  electronic-grade  copper,  47 

MatWeb  selection  of  UNS  C10100,  oxygen-free 
electronic-grade  copper,  47 

MatWeb  selection  search  types,  login  home 
page,  45 

Maximum  element  size,  165,  317,  388 
Maximum  Element  Size  edit  window,  603,  660, 

661,732,761,784 
Maxwell,  James  Clerk,  228,  634 
Maxwell's  equations,  634 

fundamental  difficulties  related  to,  671 
Mechanical  polishing  technique,  116 

surface  normal  vector  n  and  current  vector  J, 
116,777 

Medical  imaging,  electrical  resistance 

tomography  and,  460 
Medical  studies,  magnetostatic  modeling 

applied  to,  649 
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MEMS  Module,  Hall  effect  models  and,  171 
Mesh 

3D  electrostatic  potential  between 

five  cylinders  model,  630 
3D  electrostatic  potential  between 

two  cylinders  model,  679 
3D  magnetic  field  of  a  Helmholtz  coil 

model,  644 
3D  magnetic  field  of  a  Helmholtz  coil  with 

a  magnetic  test  object  model,  662 
3D  thin  layer  resistance  model:  thin  layer 

approximation,  589 
3D  thin  layer  resistance  model:  thin  layer 

subdomain,  605 
2D  AC  Generator  model,  static,  519 
2D  axisymmetric  Microwave  Cancer 

Therapy  model,  789 
2D  axisymmetric  Tumor  Laser  Irradiation 

model,  763 

2D  Concave  Mirror  model,  without  PMLs,  733 
2D  Concave  Mirror  model,  with  PMLs,  720 
2D  Dielectric  Lens  model,  without  PMLs,  700 
2D  Dielectric  Lens  model,  with  PMLs,  687 
2D  Electric  Impedance  Sensor  model: 

advanced,  489 
2D  Electric  Sensor  model:  basic,  473 
Mesh  Application  Mode  (ALE),  rotation 

modeling  and,  in  static  and  transient 
sector-based  models,  531 
Meshed  boundaries,  copied,  2D  AC  Generator 

Sector  model,  static,  553 
Meshed  model,  KdV  equation  model,  72 
Mesh  generation 

KdV  equation  model,  72 
first  variation  on,  79 
second  variation  on,  86 
ID  telegraph  equation  model,  94 
first  variation  on,  101 
second  variation  on,  108 
3D  electrostatic  potential  between  five 

cylinders  model,  628 
3D  electrostatic  potential  between  two 

cylinders  model,  617 
3D  magnetic  field  of  a  Helmholtz  coil 
model,  643 


3D  magnetic  field  of  a  Helmholtz  coil  with 

a  magnetic  test  object  model,  660 
3D  thin  layer  resistance  model:  thin  layer 

approximation,  588 
3D  thin  layer  resistance  model:  thin  layer 

subdomain,  603-604 
2D  AC  Generator  model,  static,  518 
2D  AC  Generator  Sector  model,  static, 

552-554 

2D  axisymmetric  Cylinder  Conduction 

model,  first  variation  on,  246 
2D  axisymmetric  Cylinder  Conduction 

model,  second  variation  on,  including 

vacuum  cavity,  261 
2D  axisymmetric  heat  conduction  model,  235 
2D  Axisymmetric  Inductive_Heating_l 

model,  406 
2D  Axisymmetric  Inductive_Heating_2 

model,  430 
2D  axisymmetric  Microwave  Cancer 

Therapy  model,  784 
2D  axisymmetric  Thermos_Container_l 

model,  279 
2D  axisymmetric  Thermos_Container_2 

model,  296 
2D  axisymmetric  Tumor  Laser  Irradiation 

model,  761,  763 
2D  Concave  Mirror  model,  without  PMLs,  732 
2D  Concave  Mirror  model,  with  PMLs,  718 
2D  Dielectric  Lens  model,  without  PMLs,  698 
2D  Dielectric  Lens  model,  with  PMLs,  686 
2D  Electric  Impedance  Sensor  model: 

advanced,  488 
2D  Electric  Impedance  Sensor  model: 

basic,  472 

2D  Electrochemical  Polishing  model,  125 

first  variation  on,  140 

second  variation  on,  159 
2D  Hall  effect  model,  180 

first  variation  on,  198, 1 98 

second  variation  on,  214 
2D  Inductive_Heating_3  model,  450 
2D  Resistive_Heating_l  model,  338 
2D  Resistive_Heating_2  model,  360 
2D  Resistive_Heating_3  model,  380 
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Mesh  generator,  thin  layer  approximation 

and, 577, 592-593 
Mesh  mapping,  568 
Mesh  model,  2D  Resistive_Heating_3 

model,  382 
Mesh  refinement 

ID  dual-pane  heat  flow  model,  22 
ID  dual-pane  window  with  air  gap,  23 
ID  single-pane  heat  flow  model,  11, 13 
ID  triple-pane  heat  flow  model,  32 
ID  triple-pane  window  with  air 
gaps,  33 
Mesh  Remaining  (Free)  button, 

on  Mesh  toolbar,  554 
Mesh  Selected  button,  553,  603,  604, 

718,732, 763 
Mesh  window 

2D  axisymmetric  Cylinder  Conduction 

model,  first  variation  on,  248 
2D  axisymmetric  Cylinder_Conduction_l 

model,  237 
2D  axisymmetric  Inductive_Heating_l 

model,  407 
2D  axisymmetric  Inductive_Heating_2 

model,  431 
2D  Inductive_Heating_3  model,  457 
2D  Resistive_Heating_l  model,  339 
2D  Resistive_Heating_2  model,  361 
Microwave  AC,  joule  heating  and,  324 
Microwave  antenna 
cross-section,  770 
plus  tissue,  777 
Microwave  cancer  therapy,  769-770 
Mixed  boundary  conditions,  71 
Mixed-materials  modeling,  388, 453 
Mixed-mode  modeling,  321-323, 

388,  454.  See  also  2D  complex 
mixed-mode  modeling 
Model  building  preparation, 
materials  selection, 
definition  and,  39 
Model  definition,  first  principles  analysis 

applied  to,  35-37 
Modeling  errors,  common  sources  of, 
37-38 


Model  mesh 

2D  axisymmetric  Thermos_Container_l 

model,  281 
2D  axisymmetric  Thermos_Container_2 

model,  297 
2D  axisymmetric  Thermos_Container_3 

model,  313 
Model  Navigator 

Heat  Transfer  Module,  2D  axisymmetric 

Microwave  Cancer  Therapy  model,  777 
initial  solution,  2D  AC  Generator  Sector 

model,  transient,  558 
initial  solution  selection,  2D  AC  Generator 

Sector  model,  transient,  558 
ID  telegraph  equation  model,  92 
RF  Module,  2D  axisymmetric  Microwave 

Cancer  therapy  model,  772 
Model  Navigator  command  sequence,  677,  707 
Model  Navigator  initial  solution,  2D  AC 

Generator  model,  transient,  523 
Model  Navigator  setup 

3D  electrostatic  potential  between  five 

cylinders  model,  623 
3D  magnetic  field  of  a  Helmholtz  coil 

model,  636 
3D  thin  layer  resistance  model:  thin  layer 

approximation,  577 
3D  thin  layer  resistance  model:  thin  layer 

subdomain,  594 
2D  AC  Generator  model,  static,  499 
2D  AC  Generator  Sector  model,  static,  532 
2D  axisymmetric  Cylinder  Conduction  model 
first  variation  on,  242 
second  variation  on,  including  a  vacuum 

cavity,  252 
2D  axisymmetric  Cylinder_Conduction_l 

model,  230 
2D  axisymmetric  Inductive_Heating_l 

model,  394 
2D  axisymmetric  Inductive_Heating_2 

model,  412 
2D  axisymmetric  Inductive_Heating_3 

model,  437 
2D  axisymmetric  Thermos_Container_l 

model,  266 
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Model  Navigator  setup  (continued) 

2D  axisymmetric  Thermos_Container_2 

model,  287,  303 
2D  axisymmetric  Tumor  Laser  Irradiation 

model,  751 
2D  Concave  Mirror  model, 

without  PMLs,  725 
2D  Concave  Mirror  model,  with  PMLs,  708 
2D  Dielectric  Lens  model,  without  PMLs,  692 
2D  Dielectric  Lens  model,  with  PMLs,  676 
2D  Electric  Impedance  Sensor  model: 

advanced,  478 
2D  Electric  Impedance  Sensor  model: 

basic,  465 
2D  Resistive_Heating_l  model,  327 
2D  Resistive_Heating_2  model,  348 
Morse  code,  77 
Move  edit  window 

3D  thin  layer  resistance  model:  thin  layer 

approximation,  583 
3D  thin  layer  resistance  model:  thin  layer 
subdomain,  600 
.mov  extension,  for  saved  animation  in 

Power  Mac,  75 
Moving  mesh  (ALE),  529,  568 
Moving  Mesh  Application  Mode,  2D 

Electrochemical  Polishing  model 
and, 117-118 
Multi-coil  heating  models,  454 
Multiphysics  General  Industrial  Applications 

demonstration  model,  464 
Multiphysics  Model  Library,  326,  393 
Multiphysics  Model  Navigator  window, 
171,  188 

2D  Hall  effect  model,  second  variation 
on,  205 

N 

NAFEMS  collection,  229 

Neumann  boundary  conditions,  71 

Newton,  Isaac,  228,  325 

Newton's  law  of  cooling,  228,  325-326 

Nichrome  heating  bars 

2D  Resistive_Heating_2  model  and,  345 
2D  Resistive_Heating_3  model  and,  367 


Niobium 

in  2D  axisymmetric  Cylinder  Conduction 

model,  229 
in  2D  axisymmetric  Cylinder  Conduction 

model,  first  variation  on,  240 
in  2D  axisymmetric  Cylinder  Conduction 

model,  second  variation  on,  including 

a  vacuum  cavity,  250 
Nitrogen,  crucible  surrounded  by,  in  2D 

axisymmetric  Inductive_Heating_2 

model,  434 
Nonlinear  partial  differential  equations, 

role  of,  64 

o 

ODE.  See  Ordinary  differential  equation 
Ohm,  Georg,  115,  167,324,391,461,493,573 
Ohm's  law,  167, 168,  322,  324-325,  388,  391, 
392,454,455,461,493,494 
microwave  cancer  therapy  theory  and,  770 
touch  screen  principle  and,  573-575 
ID  axes/grid  settings  window,  66 
ID  Axisymmetric  advanced-level  modeling,  63 
ID  beginning-level-moderate-level  modeling,  63 
ID  coordinate  system,  5 
ID  dual-pane  heat  flow  model,  16-27 
Boundary  Settings  window,  21 
Constants  specification  window,  1 7 
dual-pane  analysis  and  conclusions,  26-27 
filled-in  ID  dual-pane  Boundary  Settings 

window  for  boundary  1,21 
filled  in- ID  dual-pane  Boundary  Settings 

window  for  boundary  4,  22 
Line  specification  window  for  air  gap,  18 
Line  specification  window  for  left  pane,  17 
ID  dual-pane  window  general  Plot 

Parameters  window,  24 
ID  dual-pane  window  Line  window,  25 
ID  dual  pane  window  solution  plotted  using 

default  values ,  24 
ID  dual-pane  window  solution  plotted  using  °F 

and  Color  Bar,  27 
ID  dual-pane  window  solution  set  to  use 

color  expression,  26 
ID  dual-pane  window  solution  set  to  use  °F,  25 
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ID  dual-pane  window  with  air  gap  with 

initialized  mesh,  23 
ID  dual-pane  window  with  air  gap  with 

refined  mesh,  23 
ID  dual-pane  workspace  after  clicking  Zoom 

Extents  icon,  79 
ID  dual-pane  workspace  showing  both  panes 

and  air  gap,  18 
opening  workspace,  16 
subdomain  settings,  initial  conditions,  20? 
Subdomain  Settings  Physics  window  settings 
air  gap,  20 
left  pane,  19 
right  pane,  20 
ID  KdV  equation,  soli  tons,  optical  fibers  and,  65 
ID  modeling  considerations,  63-64 
ID  modes,  with  COMSOL  Multiphysics 

software,  63 
ID  single-pane  heat  flow  model,  6-16 
analysis  and  conclusions,  13,15 
boundary  settings  entered,  10-11 
Boundary  Settings  window,  10 
Filled-in  Boundary  Settings  window  for 

boundary  1,77 
Filled-in  Boundary  Settings  window  for 

boundary  2, 12 
ID  Constants  specification  window,  7 
ID  line  specification  window,  7 
ID  single-pane  window  General  Plot 

Parameters  window,  12, 14 
ID  single-pane  window  line  Plot  Parameters 

window,  12, 75 
ID  single-pane  window  solution  plotted  using 

default  values,  11, 14 
ID  single-pane  window  solution  plotted 

using  °F  and  color  bar,  13,76 
ID  single-pane  window  with  initialized 

mesh,  13 

ID  single-pane  window  with  refined  mesh,  13 
ID  Subdomain  Settings  Physics  window 

settings,  9 
ID  Subdomain  Settings  window,  8 
opening  workspace,  6-7 
physics  of  heat  flow  through  single-pane 

window,  13, 15 


plot  presentation  changes,  12-13 

Subdomain  Settings  Init  window  settings,  10 

0.005  m  line  shown  in  workspace,  8 
ID  telegraph  equation  model,  90-111 

boundary  conditions,  93 

Boundary  Settings  window,  93f 

constants,  93 

Constants  window,  93t 

first  variation  on,  98-105 
boundary  conditions,  99 
Boundary  Settings  window,  99f,  700 
Constants  window,  99,  99f,  105f 
Initial  Conditions  window,  101? 
mesh,  702 

mesh  generation,  101 
model  reset,  100 

PDE,  Coefficient  window,  Init  page,  702 
PDE,  Subdomain  Settings  window, 

PDE  coefficients,  707 
Plot  Parameters  window,  Animate  page,  704 
postprocessing,  103 
postprocessing  animation,  103 
pulse  amplitude  plot,  low-loss  line,  704 
Solver  Parameters  window,  Time  Stepping 

page,  103 
solving,  101 

subdomain  settings,  99-100 

Subdomain  Settings  window,  PDE,  700 
Initial  Conditions  window,  94t 
mesh  generation,  94 
Model  Navigator,  92 
ID  geometry,  92 
PDE,  Coefficient  window,  94 
PDE,  Coefficient  window,  Init  window,  95 
PDE,  telegraph  equation  model  mesh,  95 
postprocessing,  96 
postprocessing  animation,  96,  98 
pulse  amplitude  plot,  97 
second  variation  on,  105-111 

boundary  conditions,  106 

Boundary  Settings  window,  706,  106r 

Constants  window,  705 

Initial  Conditions  window,  107/ 

mesh  generation,  108 

model  mesh,  108 
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ID  telegraph  equation  model  (continued) 
model  reset,  108 

PDE,  Coefficient  window,  Init  page,  108 
Plot  Parameters  window,  Animate  page,  777 
postprocessing,  109-110 
postprocessing  animation,  1 10 
pulse  amplitude  plot,  high-loss  line,  777 
second  variation  on,  707 
solving,  109 
subdomain  settings,  106 
Subdomain  Settings  window,  PDE 
coefficients,  107? 
solution  to,  97 

Solver  Parameters  window,  Time  Stepping 

page,  96 
solving,  94,  96 
subdomain  settings,  93 
Subdomain  Settings  window,  PDE 

coefficients,  93/ 
summary  and  conclusions  about,  110 
telegraph  equation  geometry  window,  92 
Telegraph  Equation  Plot  Parameters  window, 

Animate  page,  98 
ID  triple  pane  heat  flow  model,  27-35 
blank  ID  triple-pane  Boundary  Settings 

window,  31 
boundary  settings,  32f 
Constants  specification  window,  28 
filled-in  ID  triple-pane  Boundary  Settings 

window  for  boundary  1 ,  31 
ID  triple-pane  window  Solution  plotted  using 

default  values,  33 
ID  triple-pane  window  solution  plotted  using 

°F  and  Color  Bar,  34 
ID  triple-pane  window  with  air  gaps  with 

initialized  mesh,  32 
ID  triple-pane  window  with  air  gaps  with 

refined  mesh,  33 
opening  workspace,  28 
postprocessing  parameters,  34 
subdmain  settings,  initial  conditions,  30/ 
Subdomain  Settings  window,  Init  settings,  30 
Subdomain  Settings  window, 

Physics  setting,  29 
triple-pane  analysis  and  conclusions,  34-35 


triple-pane  window  subdomain  settings,  30/ 
triple-pane  window  workspace  lines,  28/ 
workspace  after  clicking  Zoom  Extents 
icon,  29 

ID  triple-pane  window,  with  heat  flow 
indicator,  36 

ID  window  panes  heat  flow  models,  6-35 
ID  dual-pane  heat  flow  model,  16-27 
ID  single-pane  heat  flow  model,  6-16 
ID  triple-pane  heat  flow  model,  27-35 

Opaque  thermally  conductive  materials,  306,  316 

Open  Model  window,  78,  84 

Optical  coefficient  of  absorption  for  laser 
photons  of  tumors,  749 

Options  menu,  COMSOL  Material  Library,  40 

Ordinary  differential  equation,  460,  568 

P 

Paint  sprayers,  3D  electrostatic  potential  models 

and,  612, 622, 633 
Paired  stator  (COl)  and  rotor  (C02),  2D  AC 

Generator  Sector  model,  static,  537 
Parametric  Solver  (UMFPACK) 
solving  2D  axisymmetric  Cylinder 

Conduction  model,  first  variation  on, 

246, 249 

2D  axisymmetric  Cylinder  Conduction 
model,  second  variation  on,  including 
vacuum  cavity  and,  262 
2D  axisymmetric  Cylinder_Conduction_l 

model  and,  236,  238 
2D  axisymmetric  Cylinder_Conduction_lp 

model  and,  239 
2D  axisymmetric  Thermos_Container_l 

model  and,  282 
2D  axisymmetric  Thermos_Container_2 

model  and,  298 
2D  axisymmetric  Thermos_Container_3 

model  and,  314 
2D  Hall  effect  model  and,  180 
first  variation  on,  198 
second  variation  on,  216 
Particle  accelerators,  3D  electrostatic  potential 

models  and,  612,  622, 633 
PDAs .  See  Personal  digital  assistants 
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PDE 

Coefficient  window,  Init  page,  second 
variation  on  COMSOL  ID  telegraph 
equation  model,  108 
Subdomain  Settings  window,  PDE 
coefficients,  second  variation 
on  COMSOL  ID  telegraph  equation 
model,  707 
Pennes,  Harry  H.,  747 
Pennes's  equation,  747 
Perfectly  matched  layer  models,  671-744 
function  of  methodology,  672 
theory  behind,  671 
3D  Cartesian  domain  with,  672,  673 
3D  cylindrical  domain  with,  672,  674 
3D  spherical  domain  with,  672,  673 
2D  Cartesian  domain  with,  672,  672 
2D  Concave  Mirror  model  with,  707-724 
2D  Concave  Mirror  model  without, 
724-744 

2D  Dielectric  Lens  model  with,  676-691 
2D  Dielectric  Lens  model  without,  691-707 
Perfusion  rate,  defined,  748 
Periodic  boundary  condition  settings,  for  KdV 

equation  model,  67 
Periodic  Boundary  Conditions  window 
Destination  page,  69 
Destination  page,  boundary  2,  68 
Destination  Vertices  page,  vertex  2,  69 
KdV  equation  model,  67 
Source  page,  boundary  1,  variable  u2,  69 
Source  page,  KdV  equation  model  and,  67 
Source  Vertices  page,  70 
Source  Vertices  page,  vertex  1,  68 
Periodic  Point  Conditions 

Destination  page,  2D  AC  Generator  Sector 

model,  static,  550 
Destination  Vertices  page,  2D  AC  Generator 

Sector  model,  static,  557 
Source  page,  2D  AC  Generator  Sector  model, 

static,  549 
Source  Vertices  page,  2D  AC  Generator 
Sector  model,  static,  550 
Permeability  for  free  space  in  SI  units, 

numerical  value  of,  636,  641 , 658 


Permittivity,  AC  realm  modeling,  skin  depth 
and, 463 

Permittivity  for  free  space  in  SI  units,  numerical 

value  of,  616,  627 
Perpendicular  Induction  Currents,  Vector 

Potential,  physics  subdomain  settings, 
2D  AC  Generator  model,  static, 
513-515 
Personal  digital  assistants,  573 
Physical  properties,  typical  coupling  of,  in 

developed  model,  37 
Physics  boundary  settings 

Azimuthal  Induction  Currents ,  Vector 
Potential  (emqa),  2D  axisymmetric 
Inductive_Heating_l  model,  401^-02 
Conductive  Media  DC  (dc) 

2D  Electrochemical  Polishing  model,  123 
2D  Electrochemical  Polishing  model,  first 

variation  on,  137 
2D  Electrochemical  Polishing  model, 

second  variation  on,  156 
2D  Resistive_Heating_2  model,  358,  360 
2D  Resistive_Heating_3  model,  379 
2D  AC  Generator  model,  static,  516 
general  heat  transfer 

2D  axisymmetric  Inductive_Heating_l 

model,  404 
2D  axisymmetric  Thermos_Container_l 
model,  277 
Moving  Mesh  (ALE) 

2D  Electrochemical  Polishing  model,  125? 
2D  Electrochemical  Polishing  model, 
first  variation  on,  138,  140 
Perpendicular  Induction  Currents,  Vector 
Potential  (emqa),  2D  AC  Generator 
Sector  model,  static,  547 
Physics  settings 

Periodic  Point  Conditions,  2D  AC  Generator 

Sector  model,  static,  549-551 
2D  axisymmetric  Inductive_Heating_l 

model,  398 
2D  axisymmetric  Inductive_Heating_2 

model,  419 
2D  axisymmetric  Inductive_Heating_3 
model,  440 
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Physics  subdomain  settings 

Azimuthal  Induction  Currents,  Vector 
Potential  (emqa),  2D  Axisymmetric 
Inductive_Heating_l  model,  400 
Conductive  Media  DC 

2D  Electrochemical  Polishing  model,  123 
2D  Electrochemical  Polishing  model, 

first  variation  on,  137 
2D  Electrochemical  Polishing  model, 

second  variation  on,  156 
2D  Resistive_Heating_2  model,  354,  356 
2D  Resistive_Heating_3  model,  377 
general  heat  transfer,  2D  axisymmetric 

Inductive_Heating_l  model,  403-404 
Moving  Mesh  (ALE)  (ale) 

2D  AC  Generator  model,  static,  515 
2D  AC  Generator  Sector  model,  static,  542 
Perpendicular  Induction  Currents,  Vector 
Potential  (emqa),  2D  AC  Generator 
Sector  model,  static,  542-544 
PKS-MPD,  48-61 

Composition  materials  selection  page  for 
copper,  52 

Composition  percentage  selection  added  page 

for  copper,  57 
Composition  percentage  selection  page  for 

copper,  50 
Composition  selection  added  page 

for  copper,  50 
Composition  selection  page  for  copper,  49 
Copper  file  selected  as  library  to  be  added,  59 
defined  properties  in,  48 
exporting  file  as  text  file,  57 
main  selection  page  in,  48,  49 
Materials/Coefficients  Library  edit  page,  58,  59 
Materials  selected  page,  60 
Materials  selected  Properties  page,  61 
Materials  selected  verification  page  for 

copper,  56 

Materials  selection  Print  Preview  page  1  for 
copper,  54 

Materials  selection  Print  Preview  page  2  for 
copper,  55 

Materials  selection  Properties  display  page 
for  copper,  53,  55,  56 


Materials  selection  properties  for  copper 

(UNS  C10100)  exported,  58 
Materials  selection  Tensile  Strength  display 

page  for  copper,  57 
Print  Materials  selection  page  for  copper,  52 
Selection  Criteria  window  in,  48 
Planck,  Max,  228 
Plot  Cross-Section  Parameters 

General  page,  2D  Hall_Effect_2  model,  201 
Line/Extrusion  page,  2D  Hall_Effect_2 

model,  202 
Line/Extrusion  page,  2D  Hall_Effect_3 
model,  220 
Plot  Parameters 
Animate  tab 

2D  AC  Generator  Sector  model, 

transient,  567 
2D  AC  Generator  model,  transient,  530 
2D  axisymmetric  Tumor  Laser  Irradiation 

model,  768 
2D  Concave  Mirror  model,  without 

PMLs,  738 
2D  Concave  Mirror  model,  with 

PMLs,  724 
2D  Dielectric  Lens  model,  without 

PMLs,  704 
2D  Dielectric  Lens  model,  with  PMLs,  692 
animation,  final  frame,  2D  axisymmetric 
Tumor  Laser  Irradiation  model,  769 
Arrow  edit  window,  2D  Resistive_Heating_l 

model,  342 
Contour  Data  page 

2D  Hall_Effect_3  model,  218 
2D  Hall  effect  model,  first  variation  on,  200 
Contour  tab 

2D  AC  Generator  model,  transient,  527 
2D  AC  Generator  Sector  model, 
transient,  564 
General  tab,  2D  AC  Generator  model, 

transient,  525 
postprocessing,  Surface  tab  (°C) 

2D  axisymmetric  Microwave  Cancer 

Therapy  model,  791 
2D  axisymmetric  Tumor  Laser  Irradiation 
model,  765 
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Surface  tab 

postprocessing,  2D  Dielectric  Lens  model, 

without  PMLs,  702 
2D  AC  Generator  model,  transient,  526 
2D  AC  Generator  Sector  model, 

transient,  563 
2D  Concave  Mirror  model,  with  PMLs,  722 
2D  Dielectric  Lens  model,  with  PMLs,  690 
2D  axisymmetric  Inductive  Heating  model, 
first  variation  on,  436 
Plot  Parameters  edit  window 
Boundary  tab 

3D  thin  layer  resistance  model:  thin  layer 

approximation,  590 
3D  thin  layer  resistance  model:  thin  layer 
subdomain,  607 
General  tab,  3D  thin  layer  resistance  model: 

thin  layer  subdomain,  606 
3D  magnetic  field  of  a  Helmholtz  coil 

model,  650 
2D  axisymmetric  Inductive_Heating_2 

model,  434 
2D  Electric  Impedance  Sensor  model: 

advanced,  491 
2D  Electric  Sensor  model:  basic  and  selection 
of,  476 

2D  Inductive_Heating_l  model,  409,  410 
2D  Resistive_Heating_l  model,  341 
2D  Resistive_Heating_2  model,  363 
2D  Resistive_Heating_3  model,  385 
Plot  Parameters  selection  window 

Arrow  tab,  3D  magnetic  field  of  a  Helmholtz 
coil  with  a  magnetic  test  object 
model,  667 
Boundary  tab 

3D  magnetic  field  of  a  Helmholtz  coil 

model,  648 
3D  magnetic  field  of  a  Helmholtz 
coil  with  a  magnetic  test  object 
model,  666 
General  tab 

3D  magnetic  field  of  a  Helmholtz  coil 

model,  646 
3D  magnetic  field  of  a  Helmholtz  coil  with 
a  magnetic  test  object  model,  664 


Slice  tab 

3D  magnetic  field  of  a  Helmholtz  coil 

model,  647 
3D  magnetic  field  of  a  Helmholtz  coil  with 
a  magnetic  test  object  model,  665 
3D  electrostatic  potential  between  five 

cylinders  model,  632 
3D  electrostatic  potential  between  two 
cylinders  model,  621 
Plot  Parameters  window 
Animate  page 

KdV  equation  model,  first  variation  on,  83 

KdV  equation  model,  second  variation  on,  89 

KdV  model  solution,  76 

ID  telegraph  equation  model,  98 

ID  telegraph  equation  model,  first 

variation  on,  104 
ID  telegraph  equation  model,  second 
variation  on,  111 
Contour  Data  page,  2D  Hall_Effect_l 

model,  183 
general,  ID  dual-pane  window,  24 
Line  page,  KdV  model  solution,  76 
ID  single-pane  heat  flow  model,  12,  75 
2D  axisymmetric  Cylinder  Conduction 
model,  second  variation  on,  including 
vacuum  cavity  and,  263 
2D  axisymmetric  Cylinder_Conduction_lp 

model,  240 
2D  axisymmetric  Inductive_Heating_3 

model,  456 
2D  axisymmetric  Thermos_Container_l 

model,  283,  285 
2D  axisymmetric  Thermos_Container_2 

model,  299,  301 
2D  axisymmetric  Thermos_Container_3 

model,  314 
2D  Electric  Impedance  Sensor  model: 

advanced,  493 
2D  Electrochemical  Polishing  model,  144 
2D  Electrochemical  Polishing  model, 

second  variation  on,  14 
2D  Resistive_Heating_l  model,  346 
2D  Resistive_Heating_2  model,  366 
2D  Resistive_Heating_3  model,  389 
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PML  domain,  wave  equation  solution  example 

inside,  675 
PML  rectangles 

2D  Concave  Mirror  model,  with  PMLs,  710 
2D  Dielectric  lens  model,  with  PMLs,  679 
Point  constraints,  171 
Point  edit  window 

2D  Hall  effect  model,  175* 
2D  axisymmetric  Cylinder  Conduction 
model,  232*,  233 
first  variation  on,  244,  244* 
second  variation  on,  including  a  vacuum 
cavity,  255* 
2D  Electric  Impedance  Sensor  model: 

advanced,  482 
2D  Electric  Impedance  Sensor  model: 
basic,  468 

Points,  adding  to  boundary  of  rectangle,  2D  Hall 

effect  model,  173 
Polishing,  reduction  of  asperities  and,  116 
Polyline,  closed,  2D  generator  geometry  and,  535 
Postprocessing 

KdV  equation  model,  75 
ID  telegraph  equation  model,  96 
first  variation  on,  103 
second  variation  on,  109-110 
Postprocessing  animation 
KdV  equation  model 
first  variation  on,  82 
second  variation  on,  88 
ID  telegraph  equation  model,  96, 98 
first  variation  on,  103,  105 
second  variation  on,  110 
Postprocessing  parameters 

ID  dual-pane  heat  flow  model,  23 
ID  single-pane  heat  flow  model,  12 
ID  triple-pane  heat  flow  model,  34 
Postprocessing  Plot  Parameters,  Surface  tab, 
2D  Concave  Mirror  model,  without 
PMLs,  736 

Postprocessing  presentation(s),  ID  single-pane 

heat  flow  model,  12 
Preconditioner  pull-down  list,  619 
Predefined  quantities  pull-down  list,  664 
Premium  Member  access,  MatWeb,  43, 45, 45,  46 


Priestley,  Joseph,  115 
Primary  input  power,  495 

Proportionality  constant,  for  2D  electropolishing 

technique,  117 
Pryor  Knowledge  Systems-Materials  Properties 

Database.  See  PKS-MPD 
Pulse  amplitude  plot 

ID  telegraph  equation  model,  97 

ID  telegraph  equation  model,  high-loss  line, 

second  variation  on,  777 
ID  telegraph  equation  model,  low-loss  line, 
first  variation  on,  104 

Q 

Quadrilateral  mesh  (quad),  165-166,  317,  388 
Quasi-static  methodology,  6,  571 , 572 
Quasi-static  models,  transient  models  vs.,  321 
QuickTime  player,  free,  animations  viewed 
with,  75 

R 

Radial  position  in  space,  227 
Radius  edit  window,  639,  655 
Rectangle 

circle  and,  2D  Resistive_Heating_l  model,  330 
created,  2D  Resistive_Heating_3  model,  370 
points  and 

physics  settings,  2D  Electric  Impedance 

Sensor  model:  basic,  468 
2D  axisymmetric  Cylinder  Conduction 
model,  first  variation  on,  244 
rotor  created,  2D  AC  Generator  model, 

static,  509 
2D  axisymmetric  Microwave  Cancer 

Therapy  model,  775 
2D  Electric  Impedance  Sensor  model: 

advanced,  480 
2D  Electric  Impedance  Sensor  model: 

basic,  467 
2D  Resistive_Heating_l  model,  329 
Rectangle  edit  window 

2D  axisymmetric  Cylinder  Conduction 
model,  232 
first  variation  on,  243 
second  variation  on,  including  a  vacuum 
cavity,  253* 
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2D  axisymmetric  Inductive_Heating_l 
model,  398 

2D  axisymmetric  Microwave  Cancer  Therapy 

model,  774,  777,  778 
2D  axisymmetric  Thermos_Container_l 

model,  268t,  269? 
2D  axisymmetric  Thermos_Container_2 

model,  289r,  305f 
2D  axisymmetric  Tumor  Laser  Irradiation 

model,  750,  752,  753,  755 
2D  Concave  Mirror  model,  without  PMLs, 

727 

2D  Concave  Mirror  model,  with  PMLs,  708, 
709,  712 

2D  Dielectric  Lens  model,  without  PMLs,  694 
2D  Dielectric  Lens  model,  with  PMLs, 

677,  677,  678,  680 
2D  Electric  Impedance  Sensor  model: 

advanced,  481 
2D  Electric  Impedance  Sensor  model: 

basic,  467 
2D  Hall_Effect_2  model,  790,  19 If 
2D  Hall_Effect_3  model,  207 
2D  Resistive_Heating_l  model,  329 
2D  Resistive_Heating_2  model,  349f 
2D  Resistive_Heating_3  model,  370f 
Rectangle  geometry 

2D  Hall_Effect_2  model,  790 
2D  Hall_Effect_3  model,  207 
Rectangles  (Rl,  R2),  2D  axisymmetric  Tumor 

Laser  Irradiation  model,  753 
Refine  Mesh  button,  125, 214, 235, 238,  338,  360 
Registered  Member  access,  MatWeb,  43, 45 
Relative  Permittivity  edit  window,  616 
Relativistic  effects,  6 

Remesh  button,  141, 160,261,472,518,644,661 
Remeshed  model 

KdV  equation  model,  first  variation  on,  80 

KdV  equation  model,  second  variation  on,  87 
Reset  Model  command,  79,  86 
Resistance,  168 

of  homogeneous,  isotropic  solid  material,  168 

mapping  of,  into  impedance,  462 
Resistance  changes,  temperature  changes 
and, 391 


Resistive  heating  model,  322 
first  variation  on,  325 
second  variation  on,  325 
solving,  325 
Resistivity,  of  homogeneous,  isotropic  solid 

material,  169 
Revolve  edit  window 

3D  magnetic  field  of  a  Helmholtz  coil 

model,  639 
3D  magnetic  field  of  a  Helmholtz  coil  with 
a  magnetic  test  object  model,  655 
RF  Module,  PML  technique  explicitly  available 

in,  671,  672 
Rotary  motion,  2D  generator  model  and,  460 
Rotor  assembly,  2D  AC  Generator  Sector 

model,  static,  536,  538 
Rotor  created  circles,  2D  AC  Generator  model, 
static,  508 

Rotor  created  rectangles,  2D  AC  Generator 

model,  static,  509 
Rotor  Geometry  Circles  Creation,  2D  AC 

Generator  model,  static,  508/ 
Rotor  Geometry  Rectangles  Creation,  2D  AC 

Generator  model,  static,  509? 
"Run  out  of  memory"  problem,  577,  593 
Russell,  John  Scott,  65 

s 

Samarium  cobalt  (radial,  inward),  addition  of, 

to  2D  AC  Generator  model,  static,  515 
Samarium  cobalt  (radial,  outward),  addition  of, 

to  2D  AC  Generator  model,  static,  515 
Save  As  edit  window 

3D  electrostatic  potential  between  five 

cylinders  model,  626 
3D  electrostatic  potential  between  two 

cylinders  model,  675 
3D  magnetic  field  of  a  Helmholtz  coil 

model,  637 
3D  magnetic  field  of  a  Helmholtz  coil  with  a 

magnetic  test  object  model,  653 
3D  thin  layer  resistance  model:  thin  layer 

subdomain,  596 
2D  AC  Generator  model,  Stator  Geometry 

Circles  Creation,  507 
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Save  As  edit  window  (continued) 

2D  AC  Generator  Sector  model,  static,  556" 
2D  axisymmetric  Tumor  Laser  Irradiation 
model,  754 

2D  Concave  Mirror  model,  without  PMLs,  726 
2D  Concave  Mirror  model,  with  PMLs,  711 
2D  Dielectric  Lens  model,  without  PMLs,  693 
2D  Dielectric  Lens  model,  with  PMLs,  679 
2D  Electric  Impedance  Sensor  model: 

advanced,  479 
2D  Electric  Impedance  Sensor  model: 

basic,  466 

Save  As  window,  2D  axisymmetric  Microwave 

Cancer  Therapy  model,  773 
Saving,  model  building  and,  15 
Scalar  expressions 

KdV  equation  model,  first  variation  on,  77 
KdV  equation  model,  second  variation  on,  84 
physics  settings 

2D  axisymmetric  Tumor  Laser  Irradiation 

model,  755 
2D  Electric  Impedance  Sensor  model: 

advanced,  483 
2D  Electric  Impedance  Sensor  model: 
basic,  468 

Scalar  Expressions  edit  window,  399/,  400 
2D  axisymmetric  Inductive_Heating_2 

model,  421,  421/ 
2D  axisymmetric  Inductive_Heating_3 

model,  447,  441/ 
2D  axisymmetric  Tumor  Laser  Irradiation 

model,  756,  757 
2D  Electric  Impedance  Sensor  model: 

advanced,  483/,  484 
2D  Electric  Impedance  Sensor  model: 

basic,  469 
Scalar  Expressions  file,  23 1 , 253 
Scalar  Expressions  window,  78,  85 
Scalar  variables,  physics  settings 

2D  Electric  Impedance  Sensor  model: 

advanced,  484 
2D  Electric  Impedance  Sensor  model: 

basic,  468 
2  TM  waves  (rfwh),  2D  axisymmetric 

Microwave  Cancer  Therapy  model,  782 


Scale  button,  136,  155 

Scale  edit  window,  2D  electropolishing_3 

model,  155 
Scale  factor  Auto  check  box,  647,  664 
Scattered  electric  field,  z-component  (V/m),  735 
solution 

2D  dielectric  lens  model,  with  PMLs,  689 
2D  dielectric  lens  model,  without  PMLs,  707 
Scattered  electric  field,  z  component  (V/m),  2D 

Concave  Mirror  model,  with  PMLs,  727 
Scattering  boundary  condition 

from  Boundary  condition  pull-down  list,  686 
outer  PML  boundary  and,  674 
Secondary  output  power,  495 
Select  by  Group  check  box,  686, 718 
Selection  Criteria  window,  PKS-MPD,  41 
Select  Remaining  button,  604,  718,  732 
Semiconductors,  carrier  types  in,  168,  203-204 
Semiconductor  sensors,  170 
Set  formula  edit  window,  615 
sigma_Bi_T,  scalar  expression  for,  441 
sigma_Cu_T,  scalar  expression  for,  441 
Signal  amplitude,  adequate,  receiving  correct 

message  and,  83 
Signal-to-noise  ratio,  minimum  detectable 

signal  and,  77 
Silica  glass,  thermal  conductivity  of,  17 
Silicon,  semiconductor  carrier  types  and,  203 
Silicon  sample,  2D  Hall  effect  model,  first 

variation  on,  aniosotropic  coupling  of 

magnetic  field  and  current  flowing  in,  192 
Silicon  wafer,  2D  Hall  effect  model,  first 

variation  on,  closer  approach  to 

construction  of  specimen  as 

constructed  from,  186 
Single-coil  heating  models,  454 
Single-pane  windows,  dual-  and  triple-pane 

windows  compared  with,  35/ 
60  Hz  wavelength  calculation,  635 
Skin,  tissue,  and  tumor  (COl),  2D  axisymmetric 

Tumor  Laser  Irradiation  model,  756 
Skin  depth,  493 

AC  realm  modeling  and,  463 

parameters  in  2D  Electric  Impedance  Sensor 

model:  basic,  464 
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Slice  check  box,  606 
Slice  plot,  default 

3D  thin  layer  resistance  model:  thin  layer 

approximation,  589 
3D  thin  layer  resistance  model:  thin  layer 
subdomain,  605 
Smooth  check  box,  588 

Soft  iron  (without  losses),  addition  of,  to  2D  AC 

Generator  model,  static,  515 
Soft  nonlinear  magnetic  materials,  529,  568 
Solid  materials,  three  potential  mobile  carriers 

of  charge  in,  168 
Soliton  propagation  problems,  65 
Soliton  pulses,  splitting  of,  reduction  of 

argument  for  initial  conditions  in  KdV 
model  solution  and,  82-83 
Soliton  wave  propagation,  in  diverse  media, 

KdV  equations  and,  90 
Solver  and  Solver  Parameters 

ID  dual-pane  heat  flow  model,  22 
ID  single-pane  heat  flow  model,  11 
ID  triple-pane  window,  using  default 
values,  33,  33 
Solver  Manager,  Solve  For  page,  2D  AC 

Generator  Sector  model,  transient,  560 
Solver  Parameters 

Advanced  edit  window 

2D  axisymmetric  Inductive_Heating_l 

model,  408 
2D  axisymmetric  Inductive_Heating_3 
model,  452 

2D  axisymmetric  Microwave  Cancer  Therapy 

model,  789 
2D  axisymmetric  Tumor  Laser  Irradiation 

model,  764 
2D  Concave  Mirror  model,  without 

PMLs,  734 
2D  Concave  Mirror  model,  with  PMLs,  720 
2D  Dielectric  Lens  model,  without  PMLs,  700 
2D  Dielectric  Lens  model,  with  PMLs,  688 
Solver  Parameters  edit  window 

Advanced  edit  window,  2D  Axisymmetric 

Inductive_Heating_2  model,  432 
3D  electrostatic  potential  between  five 

cylinders  model,  631 


3D  electrostatic  potential  between  two 

cylinders  model,  620 
2D  AC  Generator  model 
static,  520 
transient,  524 
2D  AC  Generator  Sector  model 
static,  555 
transient,  559 
2D  axisymmetric  Cylinder  Conduction 

model,  first  variation  on,  248 
2D  axisymmetric  Cylinder  Conduction 
model,  second  variation  on,  including 
vacuum  cavity,  262 
2D  axisymmetric  Cylinder_Conduction_lp 

model  and,  239 
2D  axisymmetric  Inductive_Heating_l 

model,  407 
2D  axisymmetric  Inductive_Heating_2 

model,  432 
2D  axisymmetric  Thermos_Container_l 

model,  281 
2D  axisymmetric  Thermos_Container_2 

model,  297 
2D  axisymmetric  Thermos_Container_3 

model,  313 
2D  Electric  Impedance  Sensor  model: 

advanced,  490 
2D  Electric  Sensor  model:  basic,  474 
2D  Inductive_Heating_3  model,  451 
2D  Resistive_Heating_l  model,  340 
2D  Resistive_Heating_2  model,  362 
2D  Resistive_Heating_3  model,  383 
Solver  Parameters  window 
KdV  equation  model,  73 
first  variation  on,  81 
second  variation  on,  87 
Time  Stepping  page,  74 

KdV  equation  model,  first  variation  on,  81 
KdV  equation  model,  second  variation  on,  88 
ID  telegraph  equation  model,  first 

variation  on,  103 
ID  telegraph  equation  model,  second 
variation  on,  109 
2D  Electrochemical  Polishing  model,  143 
second  variation  on,  762 
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Solver  Parameters  window  (continued) 
2D  Hall_Effect_l  model,  182 

2D  Hall_Effect_2  model,  199 

2D  Hall_Effect_3  model,  276 
SOR  gauge,  636 
Space  coordinates 

in  ID  model,  64 

in  3D  transient  solution  model,  573 
in  transient  solution  model,  461 
in  2D  model,  114,  115 
Space  dimensions,  6 
Specify  Object  commands,  396 
Sphere,  Helmholtz  coil  pair,  and  magnetic 
ellipsoid,  3D  magnetic  field  of  a 
Helmholtz  coil  with  a  magnetic  test 
object  model,  657 
Sphere  and  Helmholtz  coil  pair,  3D  magnetic 

field  of  a  Helmholtz  coil  model,  647 
Sphere  edit  window 

3D  electrostatic  potential  between  five 

cylinders  model,  623,  624 
3D  electrostatic  potential  between  two 

cylinders  model,  613,  674 
3D  magnetic  field  of  a  Helmholtz  coil 

model,  640 
3D  magnetic  field  of  a  Helmholtz  coil  with 
a  magnetic  test  object  model,  657 
Spherical  coordinate  systems,  5 
Spherical  coordinate  transform  angle 
rotational  sense  for  phi  and,  4 
rotational  sense  for  theta  and,  5 
sqrt  argument,  3 
Square  edit  window 

3D  magnetic  field  of  a  Helmholtz  coil  model, 

638,  638,  639 
3D  magnetic  field  of  a  Helmholtz  coil  with 
a  magnetic  test  object  model,  654,  655 
3D  thin  layer  resistance  model:  thin  layer 

approximation,  587 
3D  thin  layer  resistance  model:  thin  layer 

subdomain,  598 
2D  Concave  Mirror  model,  without  PMLs,  728 
2D  Concave  Mirror  model,  with  PMLs,  775 
2D  Dielectric  Lens  model,  without  PMLs,  695 
Static  electricity,  study  of,  611 


Static  methods,  572 
Stationary  Solver 

2D  axisymmetric  Cylinder-Conduction_l 

model  and,  236 
2D  Electric  Impedance  Sensor  model: 

advanced  and,  488 
2D  Electric  Impedance  Sensor  model: 

basic  and,  463 
2D  Electric  Sensor  model:  basic  and,  474 
Stator  and  rotor 

composite  objects,  2D  AC  Generator  model, 
static,  577 

paired,  2D  AC  Generator  model,  static,  572 
Stator  and  rotor  Create  Pairs  edit  window,  2D 

AC  Generator  model,  static,  572 
Stator  assembly,  2D  AC  Generator  Sector 

model,  static,  536,  538 
Steady-state  model,  6 
Steady-state  solution 

to  3D  model,  parameters  and,  572 
to  2D  axisymmetric  models,  324 
to  2D  coordinate  system  model,  461 
to  2D  model,  323 
Steady-state  value,  2D  Resistive_Heating_3 

model  and,  384 
Streamline  check  box,  619 
Subdomain  edit  window 

3D  thin  layer  resistance  model:  thin  layer 

approximation,  585/ 
3D  thin  layer  resistance  model:  thin  layer 

subdomain,  601/ 
2D  AC  Generator  model,  static,  516/ 
2D  AC  Generator  Sector  model,  static,  544/, 

545,  546,  547 
2D  axisymmetric  Cylinder  Conduction 

model,  first  variation  on,  245/ 
2D  axisymmetric  Cylinder  Conduction 

model,  second  variation  on,  including  a 
vacuum  cavity,  258/ 
2D  axisymmetric  Cylinder_Conduction_l 

model,  234/ 
2D  axisymmetric  Inductive_Heating_l 

model,  401/,  403,  403/,  404 
2D  axisymmetric  Inductive_Heating_2 
model,  423/,  426/ 
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2D  axisymmetric  Thermos_Container_l 

model,  274? 
2D  axisymmetric  Thermos_Container_2 

model,  290?,  29k,  305?,  306f, 

308,  308? 
2D  Electric  Impedance  Sensor  model: 

advanced,  485? 
2D  Electric  Impedance  Sensor  model: 

basic,  470? 
2D  Inductive_Heating_3  model,  442?,  446?, 

447,  448 

2D  Resistive_Heating_l  model,  332? 
Subdomain  Expressions 

physics  settings,  2D  axisymmetric  Tumor 
Laser  Irradiation  model,  755,  757 

2D  AC  Generator  Sector  model,  static,  539 
Subdomain  Expressions  edit  window 

2D  AC  Generator  Sector  model,  static,  539?, 

540,  540?,  541 

2D  axisymmetric  Tumor  Laser  Irradiation 
model,  757 
Subdomain  Integration  Variables 

physics  settings,  2D  AC  Generator  model, 
static,  513 

2D  AC  Generator  Sector  model,  static,  539 
Subdomain  Integration  Variables  edit  window 
2D  AC  Generator  model,  static,  513,  513? 
2D  AC  Generator  Sector  model,  static,  540?, 

541,  542 
Subdomain  mesh,  165,  317,  388 
Subdomain  settings 

changing 

KdV  equation  model,  first  variation 
on,  77 

KdV  equation  model,  second  variation 
on,  85 

Electric  Parameters  edit  window 

2D  axisymmetric  Inductive_Heating_2 

model,  423,  424 
2D  axisymmetric  Inductive_Heating_3 
model,  442,  443,  444,  445 
Initial  value  edit  window,  2D  axisymmetric 

Tumor  Laser  Irradiation  model,  760 
Init  window,  2D  Resistive_Heating_l 
model,  336 


KdV  equation  model,  71 
ID  telegraph  equation  model,  93-94 
first  variation  on,  99-100 
second  variation  on,  106 
physics  settings:  2  TM  waves  (rfwh), 

2D  axisymmetric  Microwave  Cancer 
Therapy  model,  782 
Physics  tab 

subdomain,  2D  Concave  Mirror  model, 

without  PMLs,  730 
subdomain  2,  2D  Concave  Mirror  model, 

without  PMLs,  731 
subdomain  5,  2D  Concave  Mirror  model, 

with  PMLs,  717 
subdomain  5,  2D  Dielectric  Lens  model, 

with  PMLs,  685 
subdomain  7,  2D  Concave  Mirror  model, 

with  PMLs,  718 
subdomain  7,  2D  Dielectric  Lens  model, 
with  PMLs,  685 
subdomain  1 ,  2D  Dielectric  Lens  model, 

without  PMLs,  697 
subdomain  2,  2D  Dielectric  Lens  model, 

without  PMLs,  698 
3D  magnetic  field  of  a  Helmholtz  coil 

model,  641? 
3D  magnetic  field  of  a  Helmholtz  coil  with  a 

magnetic  test  object  model,  658? 
triple-pane  window,  30? 
triple-pane  window,  initial  conditions,  30? 
2D  axisymmetric  Microwave  Cancer  Therapy 

model,  780?,  757,  782? 
2D  axisymmetric  Tumor  Laser  Irradiation 

model,  758,  758?,  759 
2D  Hall  effect  model,  173,  175 
first  variation  on,  191 
second  variation  on,  208,  210 
x  absorption,  2D  Concave  Mirror  model, 

with  PMLs,  716 
x  absorption,  2D  Dielectric  Lens  model, 

with  PMLs,  684 
y  absorption,  2D  Concave  Mirror  model, 

with  PMLs,  716 
y  absorption,  2D  Dielectric  Lens  model, 
with  PMLs,  684 
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Subdomain  settings,  Conductive  Media  DC 
edit  window,  355/ 

2D  Resistive_Heating_2  model, 

356/,  357,  358/ 
2D  Resistive_Heating_3  model, 
377,  377 7,  378 
Init  edit  window 

2D  Resistive_Heating_2  model,  358 
2D  Resistive_Heating_3  model,  379 
2D  Eletrochemical  Polishing  model,  123/ 
Subdomain  settings,  Init  edit  window 
2D  axisymmetric  Inductive_Heating_2 

model,  429 
2D  axisymmetric  Inductive_Heating_3 

model,  449 
2D  Resistive_Heating_l  model,  333 
2D  Resistive_Heating_2  model,  354 
2D  Resistive_Heating_3  model,  375 
Subdomain  Settings,  Moving  Mesh  edit  window 
2D  AC  Generator  model,  static,  516/ 
2D  AC  Generator  Sector  model,  static,  543 
Subdomain  settings,  PML  type  selection 
2D  Concave  Mirror  model,  with  PMLs,  775 
2D  Dielectric  Lens  model,  with  PMLs,  683 
Subdomain  settings  (2),  Electric  Parameters  edit 
window,  2D  axisymmetric 
Inductive_Heating_l  model,  400 
Subdomain  Settings  edit  window 
3D  electrostatic  potential  between 

five  cylinders  model,  627 
3D  electrostatic  potential  between  two 

cylinders  model,  616 
3D  magnetic  field  of  a  Helmholtz  coil 

model,  642 
3D  magnetic  field  of  a  Helmholtz  coil  with 
a  magnetic  test  object  model,  658,  659 
3D  thin  layer  resistance  model:  thin  layer 

approximation,  585 
3D  thin  layer  resistance  model:  thin  layer 

subdomain,  602,  603,  604 
2D  AC  Generator  model,  static,  576,  577,  575 
2D  axisymmetric  Cylinder  Conduction 

model,  234 
2D  axisymmetric  Cylinder  Conduction 
model,  first  variation  on,  245 


2D  axisymmetric  Inductive_Heating_2 

model,  428 
2D  Electric  Impedance  Sensor  model: 

advanced,  485 
2D  Electric  Impedance  Sensor  model: 

basic,  470 

2D  Resistive_Heating_l  model,  333,  336 
2D  Resistive_Heating_2  model,  352/,  353/ 
2D  Resistive_Heating_3  model,  373/,  374 
Subdomain  Settings  Physics  window  settings 
ID  dual-pane,  air  gap,  20 
ID  dual-pane,  left  pane,  19 
ID  dual-pane,  right  pane,  20 
Subdomain  Settings  window 
Init  settings,  ID  triple-pane,  30 
PDE  coefficients 

KdV  equation  model,  71/ 
KdV  equation  model,  first  variation  on,  79/ 
KdV  equation  model,  second  variation 
on,  85 

ID  telegraph  equation  model,  93 
ID  telegraph  equation  model,  first 

variation  on,  100/,  101 
ID  telegraph  equation  model,  second 
variation  on,  107/ 
Physics  settings,  ID  triple-pane,  29 
2D  Electrochemical  Polishing  model,  724 
2D  Electrochemical  Polishing  model,  first 
variation  on,  1 37 
Suppress  Boundaries  selection  window 
3D  electrostatic  potential  between 

five  cylinders  model,  633 
3D  electrostatic  potential  between 

two  cylinders  model,  627 
3D  magnetic  field  of  a  Helmholtz  coil 

model,  645 
3D  magnetic  field  of  a  Helmholtz  coil  with  a 
magnetic  test  object  model,  663 
Suppress  Subdomains 

2D  Concave  Mirror  model,  with  PMLs,  722 
2D  Dielectric  Lens  model,  with  PMLs,  689 
Surface  check  box,  561 
Surface  temperature  (°C),  2D  axisymmetric 
Microwave  Cancer  Therapy 
model,  792 
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Surface  voltage  distribution  plot 
default,  2D  Hall_Effect_l  model,  182 
default,  2D  Hall_Effect_2  model,  199 
default,  2D  Hall_Effect_3  model,  217 

Symmetry,  2D  generator  sector  model  and  use 
of,  460 

Sze,S.M.,  168 

T 

Tank  Export  Geometry  Objects,  Save  As 
window,  2D  axisymmetric 
Thermos_Container_l  model,  273 

Tank  profile,  outer,  2D  axisymmetric 

Thermos_Container_l  model,  270 

Tank(s) 

components,  2D  axisymmetric 

Thermos_Container_l  model,  277 
components  with  lid  line,  2D  axisymmetric 

Thermos_Container_l  model,  272 
2D  axisymmetric  Thermos_Container_l 
model,  273 
Tank  structure  creation,  2D  axisymmetric 

Thermos_Container_l  model,  270/ 
Telegraph  equation,  development  of,  90 
Telegraph  equation  electrical  component 

model,  90 
Temperature 
calculations 

ID  dual-pane  analysis  and,  26-27 
ID  single-pane  analysis  and,  13,  15 
ID  triple-pane  analysis  and,  34-35 
elevations  in 

hyperthermic  oncology  and,  769 
tumor  cell  death  and,  765, 769,  770, 
788,794 

as  function  of  applied  power  versus  radius, 

2D  axisymmetric  microwave  cancer 

therapy  model,  793 
Temperature  and  heat  flux,  2D 

Resistive_Heating_l  model,  343 
Temperature  changes,  resistance  changes 

and,  391 

Temperature  uniformity,  2D  axisymmetric 
Thermos_Container_l  model,  277 
Temperature  vs.  time  plot 


2D  Resistive_Heating_l  model,  344,  345 
2D  Resistive_Heating_2  model,  365 
2D  Resistive_Heating_3  model,  387 

Tesla,  Nikola,  494 

Thales  of  Miletus,  611 

Thermal  conductivity 

loading,  ID  single-pane  heat  flow  model,  9 
loading, ID  dual-pane  heat  flow  model,  18 

Thermal  insulation  boundary  condition,  782 

Thermal  losses,  DC  power  and,  496 

Thermodynamics,  heat  transfer  and  science 
of,  228 

Thermos,  origin  of  term,  265 
Thermos  laminar  flow  model,  265 
Thermos  laminar  hcoeff  model,  265 
Thick  layers,  572 

Thin  layer  approximation,  applications  for, 

592-593 
Thin  layer  approximation  model 
applications  for,  577 
in  solution  of  direct  current  conduction 

model,  575-576 
Thin  layer  orthogonal  voltage  dividers,  in  touch 

screen  technology,  574 
Thin  layer  resistance  modeling  basics,  575-577 
Thin  layers,  572 

Thin  layer  technology,  touch  screen  and,  573 
Thomson,  William  (Lord  Kelvin),  228 
3D  Cartesian  domain,  with  PMLs,  672,  673 
3D  coordinate  system,  5 
plus  time,  573 

in  steady-state  solution  to  3D  model,  572-573 
in  transient  solution  model,  573 
3D  cylindrical  domain,  with  PMLs,  672,  674 
3D  electrostatic  potential  between  cylinders 

models,  572 
3D  electrostatic  potential  between  five  cylinders 
model,  622-633 
Boundary  Settings,  621t 
Boundary  Settings  (\-4, 23,  24, 28,  29) 

edit  window,  628 
Boundary  Settings  (5-14,  19-22,  25,  26, 

31-38)  edit  window,  628 
Boundary  Settings  (15-18,  27,  30)  edit 
window,  629 
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3D  electrostatic  potential  between  five 
cylinders  model  (continued) 
Create  Composite  Object  edit  window,  626 
Cylinder  CYL1  edit  window,  624 
Cylinder  CYL2  edit  window,  624 
Cylinder  CYL3  edit  window,  625 
Cylinder  CYL4  edit  window,  625 
Cylinder  CYL5  edit  window,  625 
default  solution  plot,  631 
Free  Mesh  Parameters  edit  window,  629 
Geometry  Components,  623 1 
geometry  modeling,  623,  626 
mesh,  630 

mesh  generation,  628 
Model  Navigator  setup,  623 
physics  boundary  settings: 

electrostatics  (es),  627 
physics  subdomain  settings:  electrostatics 

(es),  627 

Plot  Parameters  selection  window,  632 
postprocessing  and  visualization,  630,  632 
Save  As  edit  window,  626 
Solver  Parameters  edit  window,  631 
solving,  630 

Sphere  edit  window,  624 

start  building,  622 

streamline  plot  with  suppressed 

boundaries,  63 3 
Subdomain  Settings  edit  window,  627 
summary  and  conclusions  about,  633 
Suppress  Boundaries  selection  window,  633 
3D  electrostatic  potential  between  two  cylinders 

model,  613-622 
Boundary  Settings,  616? 
Boundary  Settings  (1-4,  11-14) 

edit  window,  617 
Boundary  Settings  (5-10)  edit  window,  677 
Boundary  Settings  (15-20)  edit  window,  675 
Create  Composite  Object  edit  window,  675 
Cylinder  CYL1  edit  window,  614 
Cylinder  CYL2  edit  window,  614 
default  solution  plot,  620 
derivation  of ,  6 1 3 

Free  Mesh  Parameters  edit  window,  675 
Geometry  components,  613? 


geometry  modeling,  613,615 
mesh,  679 

mesh  generation,  617 
physics  boundary  settings: 

electrostatics  (es),  616 
physics  subdomain  settings:  electrostatics 

(es),616 

Plot  Parameters  selection  window,  627 

postprocessing  and  visualization,  619, 622 

Save  As  edit  window,  675 

Solver  Parameters  edit  window,  620 

solving,  618-619 

Sphere  edit  window,  674 

start  building,  613 

streamlining  plot  with  suppressed 

boundaries,  622 
Subdomain  Settings  edit  window,  676 
summary  and  conclusions  about,  622 
Suppress  Boundaries  selection  window,  627 
3D  magnetic  field  of  a  Helmholtz  coil  model, 

636-652 

Boundary  Settings  (1^1,  21,  22,  31,  32) 

edit  window,  643 
Boundary  Settings  (2,  3)  edit  window,  642 
constants,  637 

Constants  edit  window,  637,  637 7 
cross-section  field  analysis,  648-649 
cross-section  plot,  657 
Cross-Section  Plot  Parameters 

edit  window,  650 
derivation  of,  636 
Free  Mesh  Parameters  edit  window 

General  tab,  643 

Subdomain  tab,  644 
Geometry  Components,  638? 
geometry  modeling,  638 
Helmholtz  coil  pair,  640 
mesh,  644 

mesh  generation,  643-644 

Model  Navigator  setup,  636 

physics  boundary  settings:  Magnetostatics 

(emqa),  642 
physics  subdomain  settings:  Magnetostatics 

(emqa),  641 
Plot  Parameters  selection  window 
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Boundary  tab,  648 

General  tab,  646 

Slice  tab,  647 
postprocessing  and  visualization,  645-647 
Revolve  edit  window,  639 
Save  As  edit  window,  637 
solution  plot,  650 

solution  plot  with  cross-section  plot  line,  651 
solving,  644 

sphere  and  Helmholtz  coil  pair,  641 
Sphere  edit  window,  640 
Square  edit  window,  638,  639 
start  building,  636 
Subdomain  settings,  64 If 
Subdomain  Settings  (1)  edit  window,  642 
summary  and  conclusions  about,  649 
Suppress  Boundaries  selection  window,  645 
Work-Plane  Settings  edit  window,  638 
3D  magnetic  field  of  a  Helmholtz  coil 

models,  572 
3D  magnetic  field  of  a  Helmholtz  coil  with  a 

magnetic  test  object  model,  652-669 
Boundary  Settings  (1^1,  25,  37, 40)  edit 

window,  660 
Boundary  Settings  (2,  3)  edit  window,  659 
constants,  652-653 
Constants  edit  window,  652f,  653 
cross-section  field  analysis,  665-666 
cross-section  plot,  668 
default  solution  plot,  663 
derivation  of,  652 
Ellipsoid  edit  window,  656 
Free  Mesh  Parameters  edit  window 
General  tab,  660 
Subdomain  (2,  3)  tab,  667 
Subdomain  (4)  tab,  667 
Geometry  Components,  654r 
geometry  modeling,  653-655 
Helmholtz  coil  pair,  656 
mesh,  662 

mesh  generation,  660 

physics  boundary  settings:  Magnetostatics 

(emqa),  659 
physics  subdomain  settings:  Magnetostatics 

(emqa),  658 


Plot  Parameters  edit  window,  668 
Plot  Parameters  selection  window 

Arrow  tab,  667 

Boundary  tab,  666 

General  tab,  664 

Slice  tab,  665 
postprocessing  and  visualization,  662 
Revolve  edit  window,  655 
Save  As  edit  window,  653 
solution  plot,  667 

solution  plot  with  cross-section  plot  line,  669 
solving,  662 

sphere,  Helmholtz  coil  pair,  and  magnetic 

ellipsoid,  657 
Sphere  edit  window,  657 
Square  edit  window,  654,  655 
start  building,  652 
Subdomain  Settings,  658f 
Subdomain  Settings  (1)  edit  window,  658 
Subdomain  Settings  (4)  edit  window,  659 
summary  and  conclusions  about,  666 
Suppress  Boundaries  selection  window,  663 
Work-Plane  Settings  edit  window,  654 
3D  modeling 

considerations  for,  571-572 
coordinate  system,  572-573 
3D  spherical  domain,  with  PMLs,  672,  673 
3D  thin  layer  resistance  models,  572 
thin  layer  approximation,  577-593 

BLK1  edit  window,  578 

BLK2  edit  windows,  578,  579 

boundary  pairs  value  edit  window,  588 

boundary  plot,  597 

Boundary  Settings  (1,2, 4-10,  12,  13),  586 
Boundary  Settings— Conductive  Media  DC 

(dc)  edit  window,  586f 
Boundary  Settings— Conductive  Media 

(DC)  (dc)  edit  window,  pairs,  586 
Boundary  Settings  (3)  edit  window,  587 
Boundary  Settings  (11)  edit  window,  587 
Circle  edit  window,  587 
COl  (intersection  of  circle  and  square),  582 
Create  Composite  Object  window,  587 
Create  Pairs  edit  window,  584 
cross-section  electric  potential  plot,  593 
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3D  thin  layer  resistance  models  (continued) 
Cross-Section  Line  Data  Parameters,  592? 
Cross-Section  Plot  Parameters  edit 

window,  592 
default  slice  plot,  589 
derivation  of,  577 
EMB1  andBLKl  selected,  584 
Embed  edit  window,  582 
EMB1  on  top  of  block  BLK2,  583 
Geometry  Components,  578? 
geometry  modeling,  578-583 
Geom2  work-plane,  580 
identity-pair-contact  resistance 

approximation  used  in,  586-587 
mesh,  589 

mesh  generation,  588 

model  identity  pair,  585 

Model  Navigator  setup,  577 

Move  edit  window,  583 

physics  boundary  settings:  Conductive 

Media  DC  (dc),  586 
physics  subdomain  settings:  Conductive 

Media  (DC)  (dc),  583-584 
Plot  Parameters  edit  window,  Boundary 

tab,  590 

postprocessing  and  visualization,  588 
solving,  588 

Square  edit  window,  581 
start  building,  577 
Subdomain  edit  window,  585? 
Subdomain  Settings  window,  585 
summary  and  conclusions  about,  591-593 
TLR  voltage  measured  across  the  layer, 
590-591 

Work-Plane  Settings  edit  window,  580 
Work-Plane  settings  in,  580 
X-Axis  Data  edit  window,  597 
thin  layer  subdomain,  593-611 
BLK1  edit  window,  594 
BLK2  edit  window,  595 
BLK3  edit  window,  595 
Boundary  Settings  (1,  2,4,  5,  7,  8,  10, 

12-17)  edit  window,  603 
Boundary  Settings— Conductive  Media  DC 
(dc)  edit  window,  60 If 


Boundary  Settings  (3)  edit  window,  603 
Boundary  Settings  (11)  edit  window,  604 
Circle  edit  window,  598 
COl  (intersection  of  circle  and  plane),  599 
Create  Composite  Object  window,  598 
cross-section  electric  potential  plot,  670 
cross-section  electric  potential  plot, 

thin  layer  approximation,  670 
cross-section  electric  potential  plot, 

thin  layer  subdomain,  677 
Cross-Section  Line  Data  Parameters,  609f 
Cross-Section  Plot  Parameters  edit 

window,  609 
default  slice  plot,  605 
Embed  edit  window,  599 
EMB 1  on  top  of  block  BLK3 ,  600 
Free  Mesh  Parameters  edit  window,  604 
Geometry  Components,  594? 
geometry  modeling,  593, 595-596, 598-600 
Geom2  work-plane,  597 
mesh,  605 

mesh  generation,  603-604 

Model  Navigator  setup,  594 

model  view,  596 

Move  edit  window,  600 

physics  boundary  settings:  Conductive 

Media  DC  (dc),601 
physics  subdomain  settings:  Conductive 

Media  DC  (dc),  600 
Plot  Parameters  edit  window,  Boundary 

tab,  607 
Plot  Parameters  edit  window, 

General  tab,  606 
postprocessing  and  visualization,  606-607 
Save  As  edit  window,  596 
solution,  boundary  plot,  608 
solving,  604 

Square  edit  window,  598 
start  building,  593 

Subdomain  Settings  (1,3)  edit  window,  602 
Subdomain  Settings  (2)  edit  window,  602 
summary  and  conclusions  about,  608-609 
TLR  voltage  measured  across  the  layer, 
607-608 

Work-Plane  Settings  edit  window,  597 
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Work-Plane  Settings  in,  595 

X-Axis  Data  edit  window,  608 
3D  touch  screen  divider  circuit,  574 
3D  touch  screen  geometry,  574 
Time  coordinates 
in  ID  models,  64 

in  3D  transient  solution  model,  573 
in  transient  solution  model,  461 
in  2D  models,  114, 115 
Time-dependent  models.  See  Transient 

(or  time -dependent)  models 
Time  dependent  solver,  solving  Kdv  equation 

model  and,  73 
Time-dependent  solving 

2D  Axisymmetric  Inductive_Heating_l 

model,  408 
2D  Axisymmetric  Inductive_Heating_2 

model,  431 
2D  Axisymmetric  Inductive_Heating_3 

model,  452 
2D  Resistive_Heating_l  model,  339 
2D  Resistive_Heating_2  model,  361 
2D  Resistive_Heating_3  model,  383 
Times  edit  window 

2D  AC  Generator  model:  transient,  523 
2D  AC  Generator  Sector  model:  transient,  559 
Time  Stepping  page 

Solver  Parameters  window 

COMSOL  ID  telegraph  equation  model,  96 
first  variation  on  KdV  equation  model,  81 
first  variation  on  telegraph  equation 

model,  103 
KdV  equation  model,  74 
second  variation  on  KdV  equation 

model,  88 
second  variation  on  telegraph  equation 
model,  109 

Time  to  temperature,  2D  axisymmetric  tumor 

laser  irradiation  model,  767 
Tissue  (human) 

transparency  of,  in  certain  infrared 

wavelengths,  750 
2D  axisymmetric  microwave  cancer  therapy 
model  and  conductivity  of,  770 
TLR  voltage  measured  across  the  layer 


3D  thin  layer  resistance  model:  thin  layer 

approximation,  590-591 
3D  thin  layer  resistance  modeling:  thin  layer 
subdomain,  607-608 
T-max,  comparison  of,  for  Cylinder  Conduction 

models  lp  and  2,  249/ 
"To  the  first  order,"  meaning  of,  495 
Touch  screen,  573 

3D  divider  circuit,  574 
3D  geometry,  574 
Transformed  AC  power,  497 

for  power  line  transmission,  498 
Transient  analysis 

2D  Axisymmetric  Cylinder  Conduction 

model,  234 
2D  electrochemical  polishing  models,  165 
2D  electro-thermal  interaction  modeling 

of  Joule  heating,  325 
2D  resistive  heating  models,  388, 454, 455 
Transient  calculations,  physical  property  values 

and  conduction  calculation  in,  332 
Transient  (or  time-dependent)  models 
dependent  variables  in,  390, 460 
physics  of,  difficulty  level,  459-460 
quasi-static  models  vs.,  321 
Transient  solution  models 

parameter  variance  in,  323,  389-390 
3D  models  and,  573 

2D  axisymmetric  coordinate  system  and,  227 
2D  axisymmetric  models  and,  324 
2D  coordinate  system  models  and,  461 
Transparent  thermally  conductive  materials, 
306,316 

Transverse  electromagnetic  wave  propagated  in 
z  direction,  voltage  relationship  for,  463 
Triangular  mesh,  165,  317,  388, 454 
default,  in  COMSOL  Multiphysics 
software,  140 
Triple-pane  windows 

dual-  and  single-pane  windows  compared 

with,  35? 
modeling,  28 
workspace  lines,  28? 
Tumor  cell  death,  temperature  elevations  and, 
765,769,770,788,794 
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Tumor  laser  irradiation  theory,  749 
2D  AC  Generator  models 
static,  498-521 

Application  Mode  Properties  dialog  box,  514 
assembling  Generator  Geometry 

(stator  and  rotor),  512 
circles  and  rectangles  created,  502 
circles  creation,  507 
composite  objects,  577 
constants,  499-500 
Constants  edit  window,  500,  500f 
Create  Composite  Object  edit  window, 

503,  504,  510 
derivation  of,  498-499 
Free  Mesh  Parameters  edit  window,  579 
generator  geometry,  500,  502-503, 

505-506, 508-510 
Geometry  Circles:  Copy,  Rotate, 

and  Paste,  506/ 
Geometry  Circles  Creation,  505/ 
Geometry  Rectangles  creation,  502f 
initial  solution,  527 
Materials/Coefficients  Library  load 

window,  575 
Materials/Coefficients  Library  window,  574 
mesh,  579 

mesh  generation,  518 

model  CO  1,503 

model  C02,  504 

Model  Navigator  setup,  499 

paired  stator  and  rotor,  572,  513 

Paste  CI  and  C2,  506 

physics  boundary  settings,  516 

physics  settings:  Subdomain  Integration 

Variables,  513 
physics  subdomain  settings:  Moving  Mesh 

(ALE)  (ale),  515 
physics  subdomain  settings:  Perpendicular 

Induction  Currents,  Vector  Potential 

(emqa),  513-515 
role  of,  520 

rotated,  pasted  circles,  507 
rotated  paste  C3  and  C4,  506 
rotating  portion  (rotor)  created,  506 
rotor  created  circles,  508 


rotor  created  rectangles,  509 

Rotor  Geometry  Circles  Creation,  508/ 

Rotor  Geometry  Rectangles  Creation,  509f 

Save  As  edit  window,  507 

solving,  520,  527 

start  building,  499 

stationary  portion  of  generator  created,  506 
stator  and  rotor  composite  objects,  577 
stator  and  rotor  Create  Pairs  edit  window,  572 
Stator  and  Rotor  names  assigned  to 

composite  objects  in,  510 
Stator  Geometry  Circles  Creation,  500/ 
Subdomain  edit  window,  516/ 
Subdomain  Integration  Variables  edit 

window,  575,  513/ 
Subdomain  Settings  (1,  3-19) 

edit  window,  576 
Subdomain  Settings  (2,  28) 

edit  window,  57  7 
Subdomain  Settings  (20,  23,  24,  27) 

edit  window,  57  7 
Subdomain  Settings  (21,  22,  25,  26) 

edit  window,  575 
Subdomain  Settings— Moving  Mesh 

edit  window,  516/ 
Subdomain  Settings— Moving  Mesh 

(19-28)  edit  window,  575 
summary  and  conclusions  about,  529 
two  new  created  circles,  505 
union,  intersection,  and  difference 

commands,  502,  509 
union  of  all  objects,  CO  1,  507 
transient,  498, 522-529 
animation,  final  frame,  557 
derivation  of,  522 

Domain  Plot  Parameters  edit  window,  528 
Induced  voltage  vs.  Time,  529 
magnetic  flux  density  and  magnetic 

potential  in,  528 
Model  Navigator  initial  solution,  525 
Plot  Parameters,  Animate  tab,  550 
Plot  Parameters,  Contour  tab,  527 
Plot  Parameters,  General  tab,  525 
Plot  Parameters,  Surface  tab,  526 
postprocessing  and  visualization,  525-527 
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postprocessing  animation,  529 
Solver  Parameters  edit  window,  524 
Solver  Parameters  entered  exactly  as 

specified  in,  523 
solving,  522-523,  524 
start  building,  522 

summary  and  conclusions  about,  529 
2D  AC  Generator  Sector  models 
static,  530,  531-557 

Application  Mode  Properties: 

Perpendicular  Induction  Currents,  Vector 
Potential  (emqa),  542,  543 
assemble  the  geometry  (stator  and  rotor), 
536,538 

Boundary  Settings,  Conditions  page 
(1-4,7,8,  15,  16,  19,  20),  548 

Boundary  Settings,  Pairs  page  (1),  549 

Boundary  Settings,  Weak  Constr.  page 
(1^,7,8, 15, 16, 19-21, 23),  548 

constants,  532 

Constants  edit  window,  533,  533f 
copied  meshed  boundaries,  553 
copying  mesh  from  one  edge  to  the  other 

edge,  553 
coupling  variables  note,  542 
Create  Composite  Object,  intersection 

(C01,C03),  536 
Create  Composite  Object,  intersection 

(C02,  COl),  536 
created  one-eighth  generator  sector 

(C03,C04),  537 
dependent  variables  case  changes  in,  532 
derivation  of,  531 

Free  Mesh  Parameters,  Boundary  page,  552 
Free  Mesh  Parameters  edit  window,  552 
generator  geometry  and  closed  polyline 

(solid),  535 
Generator  Sector  Geometry,  532,  534-536 
Global  Equations  edit  window,  557,  55 If 
Global  Expressions  edit  window,  538?,  539 
Identity  Pairs  window,  538 
Import  CAD  Data  From  File  select 

window,  533 
imported  CAD  file,  534 
initial  solution,  557 


Interchange  source  and  destination 

button,  538 
Line,  closed  polyline  (solid)  edit 

window,  535 
Materials/Coefficients  Library  load 

window,  544 
meshed  view,  554 
mesh  generation,  552-554 
Mesh  Remaining  (Free)  button,  554 
Model  Navigator  setup,  532 
names  in  Application  Mode  Name  edit 

window,  532 
with  omega  unselected,  556 
Options:  Global  Expressions,  538 
Options:  Subdomain  Expressions,  539 
Options:  Subdomain  Integration 

Variables,  539 
paired  stator  (COl)  and  rotor  (C02),  537 
pairing  of  stator  and  rotor  in,  538 
Periodic  Point  Conditions,  Destination 

page  (1),  550 
Periodic  Point  Conditions,  Destination 

Vertices  page  (11),  551 
Periodic  Point  Conditions, 

Source  page  (4),  549 
Periodic  Point  Conditions,  Source  Vertices 

page  (4),  550 
Physics  Boundary  Settings:  Perpendicular 

Induction  Currents,  Vector  Potential 

(emqa),  547-549 
Physics  Settings:  Global  Equations,  551 
Physics  Settings:  Periodic  Point 

Conditions,  549-551 
Physics  Subdomain  Settings:  Moving  Mesh 

(ALE)  (ale),  542 
Physics  Subdomain  Settings:  Perpendicular 

Induction  Currents,  Vector  Potential 

(emqa),  542-544, 546 
Save  As  edit  window,  556 
Solver  Parameters  edit  window,  555 
solving,  554-555 
start  building,  531 
Subdomain  edit  windows,  544/ 
Subdomain  Expressions  (2, 4) 

edit  window,  541 
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2D  AC  Generator  Sector  models  (continued) 
Subdomain  Expressions  edit  window, 
53%  540r 

Subdomain  Expressions  (1)  edit  window,  541 
Subdomain  Expressions  (1-4) 

edit  window,  540 
Subdomain  Expressions  (5-8) 

edit  window,  540 
Subdomain  Integration  Variables  (1 , 2, 4) 

edit  window,  547 
Subdomain  Integration  Variables  (7,  8) 

edit  window,  542 
Subdomain  Integration  Variables  edit 

window,  540/ 
Subdomain  Settings,  Forces  (1 ,  2, 4) 

edit  window,  547 
Subdomain  Settings  (1,6)  edit  window,  545 
Subdomain  Settings  (3,5,7,8) 

edit  window,  546 
Subdomain  Settings  (7,  8)  edit  window,  547 
Subdomain  Settings  (2)  edit  window,  545 
Subdomain  Settings  (4)  edit  window,  546 
Subdomain  Settings— Moving  Mesh 

(ALE)  edit  window  (1-4),  543 
summary  and  conclusions  about,  555,  557 
transient,  530,  557-568 
animation,  final  frame,  568 
derivation  of,  557 
global  variables  plot,  566 
Global  Variables  Plot  edit  window,  565 
magnetic  flux  density  and  magnetic 

potential,  z  component,  565 
Model  Navigator,  initial  solution,  558 
Model  Navigator,  initial  solution 

selection,  558 
Parameters,  general  tab,  562 
Plot  Parameters,  Animate  tab,  567 
Plot  Parameters,  Contour  tab,  564 
Plot  Parameters,  Surface  tab,  563 
postprocessing  and  visualization, 

561-562, 564 
postprocessing  animation,  566 
solution  default  plot,  final  frame,  567 
Solver  Manager,  Solve  For  page,  560 
Solver  Parameters  edit  window,  559 


solving,  559-560 
start  building,  557 

summary  and  conclusions  about,  568 
2D  axisymmetric  advanced-level 

2D  modeling,  226 
2D  axisymmetric  coordinate  system,  389-393 
basics  of,  389 
discussion  about,  324 
plus  time,  322,  324,  390 
2D  Axisymmetric  Cylinder  Conduction  models, 
229-240,230 
Boundary  Settings:  general  heat  transfer,  235 
Boundary  Settings  (2,  5,  6)  edit  window,  236 
Boundary  Settings  (3)  edit  window,  237 
Boundary  Settings— General  Heat  Transfer 

edit  window,  235f 
consolidating  calculational  parameters,  231 
constants,  231 

Constants  edit  window,  237,  23 If 

cylinder  rectangle,  232 

default  solver  used  with,  238 

first  variation  on,  240-250 

Boundary  Settings:  General  Heat  Transfer 

edit  window,  246f 
Boundary  Settings  (2, 5, 6)  edit  window,  247 
Boundary  Settings  (3)  edit  window,  247 
Constants  edit  window,  242,  242f 
cylinder  rectangle,  243 
derivation  of,  240 
final  frame,  257,  252 
mesh  generation,  246 
model  animation,  final  frame,  241 
model  mesh  window,  237,  248 
Model  Navigator  setup,  230,  242 
models  lp  and  2,  comparison  of  T-max  for, 
249,249? 

Parametric  (UMFPACK)  used  with,  246, 249 
physics  boundary  settings:  general  heat 

transfer,  245 
physics  subdomain  settings:  general  heat 

transfer,  245 
Plot  Parameters  window,  240,  250 
Point  edit  window,  244,  244r 
points  added  in,  243 
Rectangle  edit  window,  243 
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rectangle  with  points,  244 

Solver  Parameters  edit  window,  248 

solving,  246-247 

start  building,  241 

Subdomain  edit  window,  245? 

Subdomain  Settings  edit  window,  245 
mesh  generation,  235 
niobium  in,  229 

Parametric  Solver  (UMFPACK),  239 
parametric  solving  of,  236,  238 
physics  boundary  settings:  general  heat 

transfer,  235 
physics  subdomain  settings:  general  heat 

transfer,  233-234 
Point  edit  window,  232/,  233 
postprocessing  animation,  238,  240 
Rectangle  edit  window,  232 
rectangle  with  points,  233 
results  summary,  264f 

second  variation  on,  including  a  vacuum  cavity 
animation,  final  frame,  257,  264 
Boundary  Settings  (1,4)  edit  window,  259 
Boundary  Settings  (2,  5, 10) 

edit  window,  260 
Boundary  Settings  (3)  edit  window,  260 
Boundary  Settings— General  Heat  Transfer 

edit  window,  259? 
composite  object,  257 
consolidating  calculational  parameters,  253 
constants,  253 

Constants  edit  window,  253,  253? 
Create  Composite  Object  edit  window,  256 
cylinder  rectangles  (1  and  2),  255 
derivation  of,  250 
mesh,  267 

mesh  generation,  261 

Model  Navigator  setup,  252 

Parametric  Solver  use,  262 

physics  boundary  settings:  general  heat 

transfer,  259 
physics  subdomain  settings:  general  heat 

transfer,  256, 258 
Plot  Parameters  window,  263 
Point  Edit  window,  255? 
points  added  to,  254 


postprocessing  animation,  261,  263 
Rectangle  edit  window,  253? 
Rectangle  edit  window  (1),  254 
Rectangle  edit  window  (2),  254 
rectangles  with  points,  256 
second  variation  on,  250-263 
setting  pressure  for  vacuum  cavity,  258 
Solver  Parameters  edit  window,  262 
solving,  261 
start  building,  250 

static  and  quasi-static  calculations  in,  259 

Subdomain  Edit  window,  258? 

Subdomain  Settings  (1)  edit  window,  257 

Subdomain  Settings  (2)  edit  window,  258 
Solver  Parameters  edit  window,  239 
solving,  236 
start  building,  230 

static  and  quasi-static  calculations  with,  234 

Subdomain  edit  window,  234? 

Subdomain  Settings  edit  windows,  234 

summary  and  conclusions  about,  263-264 
2D  axisymmetric  heat  conduction  modeling,  229 
2D  axisymmetric  Inductive  Heating  models, 
393-411,599,  422 

animation,  final  frame,  411 

Application  Scalar  Variables  edit  window,  399 

Axis  edit  window,  395,  395? 

Boundary  Settings  (1,  3,  5)  edit  window, 
401,405 

Boundary  Settings  (2,  7,  9)  edit  window, 
402,  406 

Boundary  Settings  edit  window,  401?,  402/,  404? 

Boundary  Settings  (10-13)  edit  window,  402 

Circle  edit  window,  397 

consolidating  calculational  parameters,  396 

constants,  396,  398 

Constants  edit  window,  397,  397 ? 

coupling  of  Joule  heating  and  heat 

transfer  in,  393 
degrees  Centigrade  in,  470 
derivation  of,  393 
first  variation  on,  411^-33 
animation,  final  frame,  436 
Application  Scalar  Variables 

edit  window,  420 
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2D  axisymmetric  Inductive  Heating 

models  (continued) 
Boundary  Settings  (1,2,4)  edit  window,  425 
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Subdomain  Settings  (1),  Electric  Parametrs 

edit  window,  423 
Subdomain  Settings  (1-50),  Ink  edit 

window,  429 
Subdomain  Settings  (2),  Electric 
Parameters  edit  window,  424 
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Application  Scalar  Variables,  782? 
Boundary  Settings,  757,  783? 
Boundary  Settings,  (8),  Port  tab,  787 
Boundary  Settings  (1,  3),  785 
Boundary  Settings  (2,  14,  18,  20,  21),  785 
Boundary  Settings  (5-7,  9,  11-13, 17),  786 
Boundary  Settings  (8),  786 
composite  object  (COl),  776 
constants,  772 

Constants  edit  window,  773,  773? 
Create  Composite  Object  edit  window, 
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2D  axisymmetric  microwave  cancer  therapy 
model  (continued) 
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physics  boundary  settings:  Bioheat  Equation 

(htbh),781 
physics  settings:  Bioheat  Equation  (htbh), 

779-  780 

physics  settings:  2  TM  waves  (rfwh), 
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import,  304,  304 

mesh,  373 

mesh  generation,  312 

Model  Navigator  setup,  303 

Parametric  Solver  use,  374 

physics  boundary  settings:  general  heat 

transfer,  309-310 
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2D  axisymmetric  Thermos_Container  models 
(continued) 
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2D_Bio_MCT_l  model.  See  2D  axisymmetric 

microwave  cancer  therapy  model 
2D  Cartesian  domain,  with  PMLs,  672,  672 
2D  complex  mixed-mode  modeling 
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2D  concave  mirror  model,  without  PMLs, 
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2D  concave  mirror  model,  with  PMLs 
(continued) 
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summary  and  conclusions  about,  723 

Suppress  Subdomains,  722 
2D  coordinate  system,  5 

discussion  about,  322-323 

plus  time,  322, 323,  461 
2D  dielectric  lens  model,  without  PMLs, 
691-707 

Application  Mode  Properties  edit  window,  696 
Application  Scalar  Variables  edit  window 

(lambdaO_rfweh),  697 
Boundary  Settings,  699 
Circle  edit  window  (CI),  693 
Create  Composite  Object  edit  window,  694 
derivation  of,  691 
dielectric  lens  (COl),  695 
domain,  696 

electric  field,  z-component,  703 
electric  field,  z-component,  0.5  m,  704 
Free  Mesh  Parameters,  subdomain,  699 
geometry  modeling,  693-694 
mesh,  700 

mesh  generation,  698 

Model  Navigator  setup,  692 

model  plot  electric  field,  z-component, 

0.5  m,  705 
model  plot  electric  field,  z-component, 

1.0  m,  705,  706 
model  plot  electric  field,  z-component, 

1.5  m,  706,  707 


physics  application  mode  properties:  In-Plane 

TE  waves  (rfweh),  696 
physics  application  scalar  variables:  In-Plane 

TE  waves  (rfweh),  697 
physics  boundary  settings:  In-Plane  TE  waves 

(rfweh),  698 
physics  subdomain  settings:  In-Plane  TE 

waves  (rfweh),  697-698 
Plot  Parameters,  Animate  tab,  704 
postprocessing  and  visualization,  701-702 
postprocessing  Plot  Parameters, 

Surface  tab,  702 
Rectangle  edit  window  (Rl),  694 
Save  As  edit  window,  693 
scattered  electric  field,  z-component  (V/m),  707 
Solver  Parameters,  700 
solving,  698,701 
Square  edit  window  (SQ1),  695 
start  building,  691 

Subdomain  Settings,  subdomain  1,  697 
Subdomain  Settings,  subdomain  2,  698 
summary  and  conclusions  about,  702-703 
2D  dielectric  lens  model,  with  PMLs,  676-691 
Application  Mode  Properties 

edit  window,  682 
Application  Scalar  Variables  edit  window 

(lambda0_rfweh),  683 
Boundary  Settings,  686 
Circle  edit  window,  680 
Create  Composite  edit  window,  680 
derivation  of,  676 
dielectric  lens  (COl),  657 
domain  plus  PMLs,  682 
domain  (SQ1),  657 
electric  field,  z-component,  697 
Free  Mesh  Parameters,  687 
Geometry  Components,  677f 
geometry  modeling,  677-678, 681 
mesh,  687 

mesh  generation,  686 

Model  Navigator  setup,  676 

physics  application  mode  properties:  In-Plane 

TE  waves  (rfweh),  682 
physics  application  scalar  variables:  In-Plane 

TE  waves  (rfweh),  683 


Index  845 


physics  boundary  settings:  In-Plane  TE  waves 
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Save  As  edit  window,  679 

scattered  electric  field,  z-component  (V/m),  689 

Solver  Parameters,  688 

solving,  686 

start  building,  676 

Subdomain  Settings,  Physics  tab,  subdomain 
5,685 

Subdomain  Settings,  Physics  tab,  subdomain 
7,  685 

Subdomain  Settings,  PML  type  selection,  683 
Subdomain  Settings,  x  absorption,  684 
Subdomain  Settings,  y  absorption,  684 
summary  and  conclusions  about,  690-691 
Suppress  Subdomains,  689 
2D  electric  impedance  sensor  models 
advanced,  477-493 

animation,  final  frame,  494 
Application  Scalar  Variables 

edit  window,  484 
Boundary  Settings  (1, 4, 5,  8) 

edit  window,  486 
Boundary  Settings  (6,  7)  edit  window,  487 
Boundary  Settings  (2,  3)  edit  window,  486 
Boundary  Settings— In-Plane  Electric 

Currents  (emqvw)  edit  window,  485/ 
Boundary  Settings  (port)  edit  window,  487 
Color  Range  edit  window,  491 
constants,  477, 479, 481^182 
Constants  edit  window,  478/,  479 
Create  Composite  Object  edit  window,  481 
Create  Composite  Object  result,  482 
ellipse  and  points,  483 


Ellipse  edit  window,  480 
Free  Mesh  Parameters  edit  window,  488 
high-frequency  currents  used  in,  460 
linspace  function  changes  in,  489 
mesh,  489 

mesh  generation,  488 
Model  Navigator  setup,  478 
physics  boundary  settings:  In-Plane 

Electric  Currents  (emqvw),  484 
physics  settings:  Scalar  Expressions,  483 
physics  settings:  Scalar  Variables,  484 
physics  subdomain  settings:  In-Plane 

Electric  Currents  (emqvw),  484 
Plot  Parameters  edit  window,  491 
Plot  Parameters  window,  493 
Point  edit  window,  482f 
postprocessing  and  visualization,  489 
postprocessing  animation,  492 
rectangle,  480 

rectangle  added  to  ellipse  in,  481 
Rectangle  edit  window,  481 
Save  As  edit  window,  479 
Scalar  Expressions  edit  window,  483/,  484 
solution  with  detected  areas,  492 
Solver  Parameters  edit  window,  490 
solving,  488-489, 490 
start  building,  477 
Subdomain  edit  window,  485/ 
Subdomain  Settings  edit  window,  485 
basic,  464^177 

Application  Scalar  Variables 

edit  window,  469 
Boundary  Settings  (1,2,6)  edit  window,  471 
Boundary  Settings  (3,  5)  edit  window,  477 
Boundary  Settings  (4)  edit  window,  472 
Boundary  Settings— In-Plane  Electric 

Currents  edit  window,  471/ 
Boundary  Settings  (port)  edit  window,  472 
Color  Range  edit  window,  476 
consolidating  calculational  parameters,  464 
constants,  464-466 
Constants  edit  window,  465/,  466 
derivation  of,  464 

Free  Mesh  Parameters  edit  window,  473 
high-frequency  currents  used  in,  460 
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2D  electric  impedance  sensor  models  (continued) 
importing/exporting  expressions 
edit  windows  as  text  files,  465 
mesh,  473 

mesh  generation,  472 

Model  Navigator  setup,  465 

physics  boundary  settings:  in-plane  electric 
currents  (emqvw),  470, 472 

physics  settings:  scalar  expressions,  468 

physics  settings:  scalar  variables,  468 

physics  subdomain  settings:  in-plane 
electric  currents  (emqvw),  470 

Plot  Parameters  edit  window,  476 

postprocessing  and  visualization,  474 

rectangle,  467 

rectangle  and  points,  468 

Rectangle  edit  window,  467 

Save  As  edit  window,  466 

Scalar  Expressions  edit  window,  469,  469f 

skin  depth  parameters  for,  464 

solution  with  detected  areas,  477 

Solver  Parameters  edit  window,  474 

solving,  474, 475 

start  building,  464 

Subdomain  edit  windows,  470,  470? 

summary  and  conclusions  about,  475 
high-frequency  currents  employed  in,  460 
summary  and  conclusions  about,  492^-93 
2D  electrochemical  polishing  (electropolishing) 
theory,  115-166 
as  inverse  of  electroplating,  117 
Moving  Mesh  Application  Mode,  117-118 
numerical  solution  model  and,  115-116 
surface  normal  vector  n  and  current 

vector  J,  777 
2D  asperity  (bump)  on  electrode,  776 
2D  electrochemical  polishing  models 
boundary  settings,  Moving  Mesh  (ALE) 

window,  125/ 
building  started  for,  118-119,  122 
Circle  edit  window,  720 
Constants  Edit  window,  118? 
Constants  edit  window,  779 
electrode  with  asperity,  722 
electrolyte  rectangle,  720 


electropolishing_l  model  Boundary 

Settings,  Conductive  Media  DC: 

boundaries  set,  124 
electropolishing_l  model  Boundary 

Settings,  Moving  Mesh  (ALE): 

boundaries  3, 4,  6,  7  window,  725 
first  variation  on,  130-147 

animation  Plot  Parameters  window,  737 
boundary  settings,  Conductive  Media 

DC  window,  137r 
boundary  settings,  Moving  Mesh  (ALE): 

boundaries  organized  by  color,  142 
boundary  settings,  Moving  Mesh  (ALE) 

window,  740 
boundary  settings  (1,5),  Conductive  Media 

DC:  boundaries  set,  138 
boundary  settings  (1,5),  Moving  Mesh 

(ALE):  Boundaries  window,  740 
boundary  settings  (1,5=  blue;  3, 4,  7  5 

green;  2  =  red)  Conductive  Media  DC: 

boundaries  set,  139 
boundary  settings  (2),  Conductive  Media 

DC:  boundaries  set,  139 
boundary  settings  (2),  Moving  Mesh 

(ALE):  Boundaries  window,  747 
boundary  settings  (3, 4,  6,  7),  Conductive 

Media  DC:  boundaries  set,  138 
boundary  settings  (3, 4,  6,  7),  Moving 

Mesh  (ALE):  Boundaries  window,  747 
Circle  edit  window,  734 
Constants  Edit  window,  1 3 1  f 
Constants  edit  window,  732 
electrode  with  asperity,  735 
electrolyte  rectangle,  733 
Free  Mesh  Parameters  window,  742 
free  mesh  (quad),  743 
mesh  generation,  140 
Model  Navigator  setup,  732 
physics  boundary  settings:  Conductive 

Media  DC,  137 
physics  boundary  settings:  Moving  Mesh 

(ALE),  138,  140 
physics  subdomain  settings:  Conductive 

Media  DC,  137 
Plot  Parameters  window,  744 
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postprocessing,  144-145 
postprocessing  animation,  146 
rectangle  and  circle,  134 
Rectangle  edit  window,  1 33 
scaled  electrolyte/electrode  geometry,  136 
Scale  edit  window,  136 
selected  rectangle  and  circle,  135 
Solver  Parameters  window,  143 
solving,  141,  144 

starting  building  for,  130-132,  134,  136 
Subdomain  Settings  window,  757 
surface  Plot  Parameters  window:  Moving 

Mesh  (ALE),  y  direction,  746 
surface  plot  window:  Moving  Mesh  (ALE), 

y  direction,  747 
surface  plot  window,  total  normal  current 

density,  145 
mesh,  726" 

mesh  generation,  125 
modeling  results  summary,  166? 
physics  boundary  settings:  Conductive  Media 
DC,  123 

physics  boundary  settings:  Moving  Mesh 

(ALE),  125 
physics  subdomain  settings:  Conductive 

Media  DC,  123 
Plot  Parameters  window,  727 
Plot  Parameters  window:  Moving  Mesh 

(ALE),  y  direction,  729 
postprocessing,  127-128 
postprocessing  animation,  129-130 
power  of,  with  diverse  projects,  166 
rectangle  and  circle,  727 
Rectangle  edit  window,  779 
scaled  electrolyte/electrode  geometry,  123 
Scale  edit  window,  722 
second  variation  on,  147-165 

animation  Plot  Parameters  window,  148,  167 
boundary  settings,  Conductive  Media  DC 

window,  156/ 
boundary  settings:  Moving  Mesh  (ALE),  159 
boundary  settings,  Moving  Mesh  (ALE): 

boundaries  organized  by  color,  767 
boundary  settings,  Moving  Mesh  (ALE) 
window,  159/ 


boundary  settings  (1,7),  Conductive  Media 

DC:  boundaries  set,  757 
boundary  settings  (1,7),  Moving  Mesh 

(ALE):  Boundaries  window,  759 
boundary  settings  (1,7=  blue;  3-6, 

8-13  =  green;  2  =  red),  Conductive 

Media  AC,  boundaries  set,  758 
boundary  settings  (2),  Conductive  Media 

DC:  boundaries  set,  758 
boundary  settings  (2),  Moving  Mesh 

(ALE):  Boundaries  window,  760 
boundary  settings  (3-6,  8-13),  Conductive 

Media  DC:  boundaries  set,  757 
boundary  settings  (3-6,  8-13),  Moving 

Mesh  (ALE):  Boundaries  window,  760 
Circle  edit  window,  757 
Constants  edit  window,  148/,  749 
Create  Composite  Object  edit  window,  754 
electrode  with  asperities,  754 
electrolyte  rectangle,  750 
Ellipse  edit  window,  752 
Free  Mesh  Parameters  window,  767 
free  mesh  (quad),  762 
mesh  generation,  159-160 
Model  Navigator  setup,  749 
Paste  edit  window,  753 
physics  boundary  settings:  Conductive 

Media  DC,  156 
physics  subdomain  settings:  Conductive 

Media  DC,  156 
postprocessing,  162-164 
postprocessing  animation,  164-165 
R1-C1-E1-E2  information,  keying  in,  153 
rectangle  and  circle,  757 
Rectangle  edit  window,  750 
scaled  electrolyte/electrode  geometry,  755 
Scale  edit  window,  755 
Solver  Parameters  window,  762 
solving,  160,  163 

starting  building  for,  147,  149, 151-155 
Subdomain  Settings  window,  756 
surface  Plot  Parameter  window:  Moving 

Mesh  (ALE),  y  direction,  765 
surface  Plot  Parameter  window, 

total  normal  current  density,  163 
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2D  electrochemical  polishing  models  (continued) 
Surface  Plot  window,  total  normal  current 

density,  764 
2D  electropolishing_3  model 

(C1,E1,E2,R1),75J 
2D  electropolishing_3  model 
(CI,  El,  Rl),  752 
selected  rectangle  and  circle,  727 
Solver  Parameters  window,  726 
solving,  125,  127 

subdomain  settings,  Conductive  Media  DC 

window,  123/ 
Subdomain  Settings  window,  124 
summary  and  conclusions  about,  165-166 
surface  plot  window,  728 
surface  plot  window:  Moving  Mesh  (ALE), 

y  direction,  130 
2D  guidelines,  for  new  COMSOL  multiphysics 

modelers,  113-115 
coordinate  system,  114-115 
2D  modeling  considerations,  113-114 
2D  Hall  effect  models,  171-222 

Application  Mode  Properties  window,  772 

boundary  settings,  176, 176/,  180 

Boundary  Settings  (1),  777 

Boundary  Settings  (4),  775 

Boundary  Settings  (5),  778 

Boundary  Settings  (8),  779 

Boundary  Settings,  Weak  Constr. 

button,  779 
Boundary  Settings  (2,  3,  6, 7),  777 
conductivity  matrix  elements,  775 
considerations  relative  to,  167-171 
constants,  172 

Constants  edit  window,  172/,  173 
cross-section  Line  Data  edit  window,  185/ 
Cross-Section  Parameters,  General  page,  184 
Cross-Section  Parameters,  Line/Extrusion 
page,  185 

default  surface  voltage  distribution  plot,  782 
determining  exact  voltage  difference  at  any 

point  in,  183 
determining  voltage  difference  between 

upper/lower  surfaces,  181 
final  configuration,  780 


first  variation  on,  186-203 

animation  Plot  Parameters  window,  787,  204 
Application  Mode  Properties  window,  788 
boundary  settings,  194-197,  194/ 
Boundary  Settings  (1),  194 
Boundary  Settings  (8),  795 
Boundary  Settings  (12),  796 
Boundary  Settings  (20),  796 
Boundary  Settings,  final  configuration,  797 
Boundary  Settings,  Weak  Constr.  page,  797 
Boundary  Settings  (2,  3,  5-7,  10,  13-16, 
19),  795 

conductivity  matrix  elements,  794 
constants,  189 

Constants  edit  window,  789,  189/ 
Create  Composite  Object  window,  797 
Cross-section  Line  Data  edit  window,  202/ 
default  surface  voltage  distribution  plot,  799 
geometry,  Subdomain  Settings 

(1,3, 4,  5),  193 
geometry,  Subdomain  Settings  (2),  793 
geometry  with  added  rectangles,  792 
Matrix  elements  edit  window,  7  92 
mesh,  798 

mesh  generation,  198 
model  plot  VH,  203 
Multiphysics  Model  Navigator 

window,  788 
Plot  Cross-Section  Parameters,  General 

page,  207 
Plot  Cross-Section  Parameters, 

Line/Extrusion  page,  202 
Plot  Parameters,  Contour  Data  page,  200 
postprocessing,  198,  200, 202 
postprocessing  animation,  202-203 
Rectangle  edit  window,  790,  191/ 
rectangle  geometry,  790 
solving,  198 
start  building,  186 
subdomain  settings,  191-192 
surface  voltage  distribution  plot, 

with  contour  lines,  207 
geometry,  172-173 
Matrix  elements  edit  window,  175/ 
mesh,  787 
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mesh  generation,  180 
model  plot  Vu,  186 

Multiphysics  Model  Navigator  window,  777 
Plot  Parameters  window,  Contour 

Data  page,  183 
Points  edit  window,  175/ 
postprocessing,  181 
postprocessing  animation,  185-186 
Rectangle  edit  window,  775 
rectangle  geometry,  7  74 
rectangle  geometry  with  points,  174 
results  summary,  222/ 
second  variation  on,  203-221 

Animation  Plot  Parameters  window, 

204,  221 

Application  Mode  Properties  window,  205 

Boundary  Settings,  211-214 

Boundary  Settings  (1),  277 

Boundary  Settings  (8),  272 

Boundary  Settings  (14),  213 

Boundary  Settings  (18),  213 

Boundary  Settings  (25),  274 

Boundary  Settings,  final  configuration,  275 

Boundary  Settings,  Weak  Constr.  page,  214 

Boundary  Settings  (2,  3, 5-7,  10-12, 

15-17, 20,  21, 23,  24),  272 
conductivity  matrix  elements,  270 
constants,  206 

Constants  edit  window,  206,  206f 
Create  Composite  Object  window,  208 
Cross-Section  Line  Data  edit  window,  217f 
default  surface  voltage  distribution  plot,  277 
geometry,  206-207 
geometry  with  added  rectangles,  209 
Matrix  Elements  edit  window,  210/ 
mesh,  275 

mesh  generation,  214 
model  plot  VH,  220 

Multiphysics  Model  Navigator  window,  205 
Plot  Cross-Section  Parameters,  General 

page,  279 
Plot  Cross-Section  Parameters, 

Line/Extrusion  page,  220 
Plot  Parameters,  Contour  Data  page,  218 
postprocessing,  216-218 


postprocessing  animation,  218,  221 
purpose  of,  203 

Rectangle  edit  window,  207,  208/ 
rectangle  geometry,  207 
Solver  Parameters  window,  276 
solving,  216 
start  building,  205 
subdomain  settings,  208-210 
Subdomain  settings  (1,  3, 4,  5,  6),  209 
Subdomain  Settings  (2),  270 
surface  voltage  distribution  plot,  with 
contour  lines,  279 

Solver  Parameters  window,  182 

solving,  180 

Subdomain  Settings,  173, 175,  776 
summary  and  conclusions  about, 
221-222 

surface  voltage  distribution  (2T),  with 
contour  lines,  184 
2D  inductive  heating  considerations, 

2D  axisymmetric  coordinate  system, 
389-393 
2D  mixed-mode  modeling 
considerations  with,  321-322 
implicit  assumptions  relative  to,  322 
2D  coordinate  systems,  322-323 
2D  modeling 

challenges  with,  113 
implicit  assumptions  with,  114 
2D  modeling  modes,  in  COMSOL  Multiphysics 

software,  113-114 
2D  Resistive  Heating  models,  327-345 
with  all  boundary  settings,  338 
animation,  final  frame,  347 
block  with  hole,  331 
boundary  conditions  overview,  332 
Boundary  Settings  (1,4—8) 

edit  window,  334 
Boundary  Settings  (2,  3,  5-8) 

edit  window,  337 
Boundary  Settings  (2,  3)  edit  window,  335 
Boundary  Settings— Conductive  Media  DC 

(dc)  Edit  window,  337/ 
Boundary  Settings  (1)  edit  window,  337 
Boundary  Settings  (4)  edit  window,  338 
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2D  Resistive  Heating  models  (continued) 
Boundary  Settings— Heat  Transfer  by 

Conduction  (ht)  edit  window,  334? 
Circle  edit  window,  330 
consolidating  calculational  parameters,  328 
constants,  328 

Constants  edit  window,  328,  328? 
coupling  of  Joule  Heating  in  Conductive 
Media  AC  and  Heat  Transfer  by 
Conduction  Application  Mode,  331 
coupling  of  two  modes  within,  326,  331 
Create  Composite  Object  edit  window,  331 
Cross-Section  Plot  Parameters,  General  edit 

window,  343 
Cross-Section  Plot  Parameters,  Point  edit 

window,  344 
degrees  Centigrade,  342 
first  variation  on,  345-366 

with  all  boundary  settings,  360 
animation,  final  frame,  367 
Boundary  Settings  (1, 40)  edit  window,  355 
Boundary  Settings  (2,  3, 5-8) 

edit  window,  359 
Boundary  Settings  (2,  3)  edit  window,  355 
Boundary  Settings— Conductive  Media 

DC  (dc)  edit  window,  359 
Boundary  Settings  (1)  edit  window,  359 
Boundary  Settings  (4)  edit  window,  360 
Boundary  Settings— Heat  Transfer  by 
Conduction  (ht)  edit  window,  354? 
Combined  Heat  Transfer  by  Conduction 

(ht)  boundary  settings,  356 
consolidation  of  calculational  parameters 

in,  349 
constants,  347 

Constants  edit  window,  348?,  349 
coupling  of  Joule  Heating  in  Conductive 
Media  DC  Application  and  Heat 
Transfer  by  Conduction  Application 
Mode,  351 

Create  Composite  Object  edit  window,  350 
Cross-Section  Plot  Parameters,  General 

edit  window,  364 
Cross-Section  Plot  Parameters,  Point  edit 

window,  365 


degrees  Centigrade  in,  361,  364 

heater  bar  assembly,  351 

materials  demonstrated  in,  345 

mesh  generation,  360 

Model  Navigator  setup,  348 

physical  property  values  for  Nichrome  and 

copper  required  for  conduction 

calculation  in,  353 
physics  boundary  settings:  Conductive 

Media  DC  (dc),  358,  360 
physics  boundary  settings:  heat  transfer  by 

conduction  (ht),  353-354 
physics  subdomain  settings:  Conductive 

Media  DC  (dc),  354,  356 
physics  subdomain  settings:  heat  transfer 

by  conduction  (ht),  352 
Plot  Parameters  edit  window,  363 
Plot  Parameters  window,  346,  366 
postprocessing  and  visualization, 

361,363 
Rectangle  edit  window,  349? 
rectangles  created,  350 
Solver  Parameters  edit  window,  362 
solving,  361,  362 
start  building,  346-347 
Subdomain  Settings,  Init  edit  window,  354 
Subdomain  Settings  (1,8)  edit  window,  352 
Subdomain  Settings— Conductive  Media 

DC  (dc),  Init  edit  window,  358 
Subdomain  Settings— Conductive  Media 

DC  (dc)  edit  window,  356?,  357,  358? 
Subdomain  Settings— Conductive  Media 

DC  (dc)  edit  window  (1 ,  8),  357 
Subdomain  Settings  edit  window,  352?,  353? 
Subdomain  Settings  (2-7)  edit  window,  353 
temperature  versus  time  at  x  =  0, 

y  =  0.1,i65 
3D  rendition  of,  347 
time-dependent  solving  of,  361 
mesh  generation,  338 
mesh  window,  339 
Model  Navigator  setup,  327 
model  rectangle,  329 

physics  boundary  settings:  Conductive  Media 
DC  (dc),  335,  338 
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physics  boundary  settings:  heat  transfer  by 

conduction  (ht),  334 
physics  subdomain  settings:  Conductive 

Media  DC  (dc),  334-335 
physics  subdomain  settings:  heat  transfer  by 

conduction  (ht),  332 
Plot  Parameters,  Arrow  edit  window,  342 
Plot  Parameters  edit  window,  341 
Plot  Parameters  window,  346 
postprocessing  and  visualization, 

339,341,344 
postprocessing  animation,  344-345 
rectangle  and  circle,  330 
Rectangle  edit  window,  329 
second  variation  on,  366-388 
with  all  boundary  settings,  587 
Alumina,  boundary  conditions  overview,  372 
Alumina  introduced  in,  366 
animation,  final  frame,  390 
applications  for  materials  and  configuration 
in,  367 

boundary  conditions  overview,  372 
Boundary  Settings  (1, 40)  edit  window,  376 
Boundary  Settings  (2,  3, 5,  26,  28,  39)  edit 

window,  380 
Boundary  Settings  (2,  3, 5,  28,  39)  edit 

window,  576" 
Boundary  Settings— Conductive  Media  DC 

(emdc)  edit  window,  379? 
Boundary  Settings  (1)  edit  window,  380 
Boundary  Settings  (40)  edit  window,  587 
Boundary  Settings— Heat  Transfer  by 

Conduction  (ht)  edit  window,  375/ 
constants,  368 

Constants  edit  window,  369,  369f 
coupling  of  Joule  Heating  in  Conductive 
Media  DC  Application  Mode  and  Heat 
Transfer  by  Conduction  Application 
Mode,  371 

Create  Composite  Object  edit  window,  577 
Cross-Section  Plot  Parameter,  General  edit 

window,  386 
Cross-Section  Plot  Parameters,  Point  edit 

window,  387 
degrees  Centigrade  in,  383-384,  386 


derivation  of,  366 

Free  Mesh  Parameters  window,  382 

heater  bar  assembly,  572 

heat  flux  (proportional  arrows),  388 

import  paths  for,  369 

mesh  generation,  380 

model  mesh,  382 

Navigator  setup,  368 

physical  property  values  for  copper, 

Nichrome,  and  Alumina  required  for 

conduction  calculation  in,  375 
physics  boundary  settings:  Conductive 

Media  DC  (emdc),  379 
physics  boundary  settings:  general  heat 

transfer  (htgh),  375 
physics  domain  settings:  general  heat 

transfer  (htgh),  371-372 
physics  subdomain  settings:  Conductive 

Media  DC  (emdc),  377-378 
Plot  Parameters  edit  window,  585 
Plot  Parameters  window,  389 
postprocessing  and  visualization,  383-385 
postprocessing  animation,  385,  388 
Rectangle  edit  window,  370/,  371/ 
rectangles  created,  370 
solving,  382,  585,  384 
start  building,  367 

Subdomain  Settings,  Conductive  Media  DC 

(emdc)  edit  window  (2, 4,  8,  10, 12),  578 
Subdomain  Settings  (3,5,7,9,11)  edit 

window,  575 
Subdomain  Settings— Conductive  Media 

DC  (emdc),  Init  edit  window,  379 
Subdomain  Settings— Conductive  Media 

DC  (emdc)  edit  window,  378/ 
Subdomain  Settings— Conductive  Media 

DC  (emdc)  edit  window  (1,  13),  377 
Subdomain  Settings  edit  windows,  373/, 

374/,  375/ 
temperature  versus  time  at  x  =  0, 

y  =  0.1,  387 
3D  rendition  of,  368 
time-dependent  solving  of,  383 
Solver  Parameters  edit  window,  340 
solving,  339,  340 
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2D  Resistive  Heating  models  (continued) 
start  building,  327 
Subdomain  edit  window,  332t 
Subdomain  Settings:  Conductive  Media  DC 

(dc)  Edit  window,  335f 
Subdomain  Settings,  Init  edit  window,  333,  336 
Subdomain  Settings  edit  window,  333,  336 
summary  and  conclusions  about,  388 
temperature  and  heat  flux,  343 
temperature  versus  time  at  x  =  0,  y  =  0.4, 345 
3D  rendition  of,  327 
time-dependent  solving  of,  339 

u 

UMFPACK.  See  Parametric  solver 

(UMFPACK) 
Uniform  Color  radio  button,  181 , 526,  562,  647 
Union  button,  506 

Union  command,  2D  AC  Generator  model, 

static,  502,  509 
Unregistered  class  of  access,  Mat  Web,  43, 45 
UNS  C10 100  properties,  Materials/Coefficient 

Library,  43 
Untransformed  AC  power,  497 
Use  selected  points  as  destination  check  box,  550 
Use  weak  constraints  check  box,  176,  548 

V 

Vacuum,  317 

Vacuum  flask,  invention  of,  265 
Vacuum  flask  containers,  265 
Vector  dot  product  current  (K*nJ_dc),  165 
Voltage  difference  methods,  determining 

between  upper/lower  surfaces,  181 
Voltage  divider,  574 
von  Guericke,  Otto,  611 

w 

"War  of  Currents,"  494-498 

Wave  equation  PDE,  achieving  desired  behavior 

for  and  transformation  of,  672,  674 
Wave  equation  problems,  PML  methodology 

applied  to,  671 
Wave  equation  solution  examples 
inside  modeling  domain,  675 
inside  PML  domain,  675 


WeakConstr.  tab,  176 
Weak  constraints,  176,  221 
Weak  constraints  pull-down  list,  172 
Westinghouse,  George,  494 
Work-Plane  settings 

3D  thin  layer  resistance  model:  thin  layer 

approximation  and  use  of,  580 
3D  thin  layer  resistance  modeling,  thin  layer 
subdomain,  595 
Work-Plane  Settings  edit  window 

3D  magnetic  field  of  a  Helmholtz  coil 

model,  638 
3D  magnetic  field  of  a  Helmholtz  coil  with 

a  magnetic  test  object  model,  654 
3D  thin  layer  resistance  model:  thin  layer 

approximation,  580 
3D  thin  layer  resistance  model:  thin  layer 
subdomain,  597 

X 

X-Axis  Data  edit  window 

3D  thin  layer  resistance  model:  thin  layer 

approximation,  591 
3D  thin  layer  resistance  model:  thin  layer 

subdomain,  608 
X-ray  tubes,  3D  electrostatic  potential  models 

and,  612, 622,  633 
x-y-z  coordinate  orientation,  for  COMSOL 

modeling  calculations,  2, 3 
x-y-z  to  spherical  coordinate  conversion, 

equations  for,  2-3 
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Zoom  Extents  button,  136,  155, 172,  189,  191, 
207, 231,  243,  254, 268,  329,  350,  370, 
398, 466, 479, 505, 536, 579, 580, 595, 
596, 615, 626, 639, 655, 677, 694, 710, 
727,753,774 

COMSOL  Multiphysics  workspace 
window,  92 
Zoom  Extents  icon,  28 

ID  dual-pane  workspace  after 
clicking,  19 

ID  triple-pane  workspace  after 
clicking,  29 


